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    Abstract 
Background: Intraoral Elastics have been widely used in Orthodontics 
for well over 100 years. Changes in material composition, manufacturing 
and addition of color to elastics has shown to effect force levels over time. 
 
Aim: The purpose of the study was to determine the effect of 
pigmentation on force levels and their degradation over time in both 
Latex and Non-Latex orthodontic intraoral elastics. 
 
Materials & Methods: Groups consisted of elastics in Latex from 
American Orthodontics in both natural and four different colors, 
American Orthodontics Non-Latex in natural, Ormco Latex in both 
natural and four different colors, Auradonics Latex in both natural and 4 
different colors, and Auradonics Non-Latex in both natural and four 
different colors (25 groups total, 10 elastic samples in each group). Data 
collection was performed over 24-hours, at five-minute time intervals. 
Samples were stretched to a starting distance of 19.10mm (manufacturer 
recommended) and cycled with an additional 25mm at each 1-minute 
time interval to simulate function. A custom-built testing apparatus was 
utilized to simulate the intra-oral environment, and force data was 
collected. Latex elastics containing green pigment degraded faster and 
delivered lower force values, in all manufacturers, at most time points. 
By 12-hours, the Non-Latex elastics showed significantly lower force 
levels than Latex elastics. At 24-hours several of the Non-Latex elastics 
had failed. 
 
Conclusions:  Pigmentation and Material Composition had a significant 
effect on force levels and their degradation over time, with green pigment 
and Non-Latex elastics showing lower force values and greater force 
decay rates over time.  
Keywords 
Colored Elastics, Neon Elastics, Intraoral Elastics, Force degradation, 











Lay Person Summary 
 
A common concern many people have, when seeking orthodontic care, is 
how their teeth fit together. Orthodontic elastics are placed, by the 
patient, between hooks on the braces to help teeth fit together properly. 
These elastics come in different materials (Latex and Non-Latex) and can 
be supplied in both natural and a variety of colors. Elastics are supplied 
by different manufacturers, all of which have different manufacturing 
processes. 
 
Aim of this study was to evaluate the effect of color, on force levels and 
force loss over time, in orthodontic elastics of different materials and 
manufactures. 
 
Materials & Methods: Groups consisted of 4 different colors and 2 
different elastic types from 3 different manufacturers. Groups were 
tested over a 24-hour time period at intervals of initial, 5 min, 30 min, 1 
hour, 3 hours, 6 hours, 12 hours, and 24 hours. A custom-built testing 
machine was used to stretch the elastics and record the force levels. 
During testing, the samples were placed in an environment that 
simulated the conditions found in the mouth. 
 
Results: In general, the forces delivered by all elastics decreased over 
time, but the decrease was larger for the Non-Latex elastic types. The 
Latex groups showed a more gradual and continuous decrease while 
maintaining a greater percentage of initial force values. Latex Elastics 
containing green pigment degraded faster and delivered significantly 
lower force values. 
 
Conclusions: Color and elastic type, played a significant role in force 
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Chapter 1  
Review of the Literature 
1 Introduction 
Tooth movement is necessary in performing proper alignment and 
levelling of the dentition during orthodontic treatment. Movement 
typically depends on the amount of force applied to the teeth coupled 
with the time that force is applied.1 Ideal tooth movement conditions 
involve applying a light force over a long period of time.1 This force needs 
to remain in place for the most effective and predictable outcome to take 
place. Orthodontists utilize this force in order to provide several different 
movements during treatment. This may include space closure, space 
creation, extrusion, intrusion, rotations or maxillomandibular relation 
correction.1, 2 
Several variations in force devices exist today. Some are inserted 
by the orthodontist and remain in place until removed. Many others are 
removable and administered by the patient themselves. These include, 
but are not limited to, removable appliances, coil springs, elastomeric 
chains, elastomeric threads and intraoral elastics.  
Whichever force device is chosen, the orthodontist must 
understand its limitations in order to effectively move teeth. This is 
especially true with new materials or when significant changes to existing 
materials are made. Most of the current force delivery devices, in use 
today, undergo a certain amount of force loss over time. The extent and 
amount of force loss depends on the material used. It is critical for the 
orthodontist to understand to what extent this force degradation is 
present in the materials they use. This ensures the proper force is 




1.1 Orthodontic Forces and Durations  
It is imperative to understand the amount of force delivered in 
order to obtain predictable results. A force level that is above an ideal 
force can cause pain, occlude blood vessels and cause bone necrosis. A 
force level that is below ideal will yield very little movement and may 
produce no movement at all. This leads to the question of “What is an 
ideal force level to allow for predictable tooth movement?”. 
It has been generally accepted that a “light continuous force” is 
ideal for tooth movement. What constitutes a “light continuous force” has 
been a somewhat controversial topic. This partly depends on the patient, 
the system being used, as well as the type of tooth movement desired.3 
Tooth movement should be achieved mainly by “frontal resorption” where 
viable cells remain within the periodontal ligament (PDL) and the tooth 
socket resorbs instead of the underlying bone beyond the lamina dura. 
Forces applied to teeth cause areas of tension and compression within 
the PDL. When an ideal force is applied, these areas stimulate bone 
resorption (compression side of the PDL) and bone apposition (tension 
side of the PDL) allowing the tooth to move efficiently through the 
alveolar bone while maintaining the bone volume.1 When the force 
applied is too large, a zone of hyalinized tissue is apparent adjacent to 
the zone of compressed PDL.4 This zone is void of all cells.1 Hyalinization 
can further lead to what is termed undermining resorption, which is an 
attack on the bone on the underside of the lamina dura, adjacent to the 
necrotic PDL area1 This process greatly slows down tooth movement and 
delays desired results significantly.1 If a fairly rapid and predictable tooth 
movement is to be obtained these zones of hyalinization should be 
avoided or at least kept as small as possible.4  
Schwarz suggests that a viable blood supply must be maintained 




of the capillary blood pressure of the tooth root surface.5 A force level 
below 20 to 26 g/cm2 of root surface area is recommended.5 This would 
indicate that a higher force is required for larger multirooted teeth or 
teeth with greater root surface areas. Reitan also showed that keeping an 
intact blood supply for the PDL is more effective in producing tooth 
movement. His experiments showed force values ranging from 50gm to 
200gm were an effective “light” force.4, 6, 7 Begg proposed that, without 
the drawbacks of frictional resistance, forces from 1 to 4 oz are adequate 
to successfully move teeth.8, 9 Andreasen summarized, from the available 
literature, that forces from 1 to 5 oz seemed to be practiced with 
success.10 Proffit shows optimum force ranges for different types of tooth 
movement, noting that values are dependent upon the size of the tooth 
being moved, with smaller values appropriate for incisors and larger 
values for multirooted posterior teeth.1 
Orthodontic force duration and force magnitude are equally 
important in determining the most effective system to move teeth. 
Duration of applied orthodontic forces can be classified into three 
different groups depending on their rate of force decay. Continuous, 
Interrupted, and Intermittent forces. Each type of force can be useful in 
achieving a specific desired tooth movement.  
A continuous force is one which is maintained at a relatively high 
percentage of the original value between orthodontic appointments. This 
force will never reduce to zero, is constantly present in the mouth and is 
generally delivered through fixed orthodontic appliances. It is important 
to note that the magnitude of continuous force will ultimately determine 
whether the tooth moves via frontal resorption, a smooth continuous 
movement, or undermining resorption, an intermittent cyclic movement. 
Orthodontic power chain elastics, intraoral elastics, NiTi closing coils and 




Interrupted orthodontic forces are initially at an optimum force 
level to produce movement. These forces ultimately decline to zero 
between orthodontic appointments and require re-activation. These types 
of forces are delivered to the dentition through fixed orthodontic 
appliances. Examples would include, removable appliances, palatal 
expanders, Invisalign trays, and open coil springs. 
Intermittent orthodontic forces decline abruptly to zero for an 
intermittent period of time, such as when a removable appliance or 
elastic is removed from the mouth by the patient, and then abruptly 
return to the original level when the appliance or elastic is re-inserted 
sometime later.1 Examples include patient removable appliances, such 
as functional appliances, headgear, and even orthodontic elastics. 
Tooth movement can be classified as two types of relative 
movement. Interarch tooth movement is movement between two dental 
arches, and intra-arch tooth movement is movement of individual teeth 
within an arch. Both types of movement require different force levels to 
achieve the desired result.  
The goal of intra-arch tooth movement is to align the dentition 
within the same arch. This is done through the use of a force system 
applied to the teeth for a certain period of time until the desired tooth 
movement is achieved. Intra-arch tooth movement can be used to close 
extraction sites, or correct first, second or third order mal-alignments 
such as single tooth crossbites, rotations, crowding, spacing and 
impactions. 
Interarch tooth movement is desired when the dentition has an 
antero-posterior, vertical, or lateral discrepancy and require correction. 
This could include class II and class III malocclusions, unilateral or 




bites. These movements are, generally, accomplished by the movement of 
one dental arch relative to the other.1 Several methods have been used 
with success to provide interarch movements including fixed interarch 
springs, headgear, removable and fixed functional appliances, and 
elastics.  
Fixed interarch springs can be applied by permanently fixing the 
appliance between the upper and lower arches. These appliances remain 
in place until removed by the orthodontist (Figure 1). The main goal of 
this type of treatment is to correct antero-posterior discrepancies by 
moving the teeth, within the jaws, into a Class I occlusal relationship. 
The upper and lower dental arches are moved relative to each other to 
achieve the anteroposterior correction.11 
 
Figure 1: Forsus® Fixed Spring Appliance 
Headgear can be used as a relative interarch appliance. An 
outer/inner arch bow is formed to fit to the patient’s upper dentition. The 
patient then inserts the inner portion of the arch bow into tubes placed 
on the upper first molars, with the outer bow extending extra-orally 
along the cheek. Once this is in place, a calibrated strap is attached to 
the outer bow and placed in various positions on the neck and head 
depending on the direction of arch movement. This appliance functions 
by restricting the growth of the maxillary arch and therefore correcting 




around 450-500g per side is required to accomplish this type of 
restriction (Figure 2).12 
 
Figure 2: Headgear Appliance 
Fixed and removable functional appliance are designed to connect 
the upper and lower arches upon appliance insertion. Various designs 
and materials have been employed to accomplish this force delivery 
system, generally employing a combination of acrylic plates and metal 
wires for fixation to the dentition (Figure 3).13 These appliances are 
designed to guide the patient’s growth potential in a more favorable 
direction thus allowing the dentition to provide a more favorable 
occlusion. Often functional appliances are used to treat class II and class 
III discrepancies and correction with these appliances often show both 





A.                        B.  
Figure 3: Functional Appliances - A. Twin Block B. Herbst 
Elastics are a common method of achieving interarch tooth 
movement due to their relative ease of insertion, for the patient, and low 
cost. Intraoral elastics can be used for a variety of malocclusions. The 
most common applications are during class II and class III correction, to 
correct antero-posterior discrepancies, however they can be employed to 
correct crossbites, midlines, open bites, occlusal settling, as well as for 
space closure in both extraction and non-extraction cases. These 
methods rely on patient cooperation and comprehension. Latex, or Non-
Latex, elastic bands are placed in various configurations over orthodontic 
hooks (Figure 4).14  
Proffit1 suggests that the amount of force required for successful 
tooth movement, with interarch elastics, depends on the type of tooth 
movement, the size of the arch wire, and whether the treatment is non-
extraction or extraction. He suggests that in non-extraction correction, 
with a well-fitting lower rectangular arch wire, 250g per side is required 
to displace one arch relative to the other. He notes that half that amount 
of force should be used when using a lighter round wire in the lower 
arch. In trying to optimize orthodontic elastics usage, Langlade utilized 




per cm2, to calculate optimum tooth movement force levels. His results 
yielded a force value of 318g per side to move one arch relative to the 
other.14 He also suggests that for the most efficient tooth movement to 
occur, while using elastics, a frictionless orthodontic system is preferred. 
In discussing interarch traction, using elastic forces, Bishara emphasizes 
that the amount of force required depends on the clinical situation. He 
suggests that when attempting to move groups of teeth, or entire arches, 
forces approximating 300g per side are indicated. He also noted that for 
single tooth movement, such as canine retraction, an elastic force of 
approximately 100g per side should be selected.15 For similar, intra-arch, 
tooth movement McLaughlin, Bennett and Trevisi have suggested that 
during extraction treatment forces should be kept light. Their suggestion, 
based upon clinical observations, is a range of 150-200g is most effective 
in closing the extraction spaces while minimizing unwanted negative 
effects.16 
 
Figure 4: Interarch Elastics 
 
1.2 Intraoral Elastic Usage 
Intraoral elastics have been widely used in orthodontics since the 
early 1960’s.17, 18 The use of elastomeric materials in orthodontics was 
first performed by Henry A. Baker, who used elastics in clinical practice 




made of Natural Rubber and deteriorated quite quickly in the oral 
environment due to water absorption.1 The importance of rubberized 
materials became apparent during World War I and several experiments 
took place to produce a synthetic version.20 Latex became quite 
prominent due to its favorable material properties, decreased cost and 
availability. This allowed minimization or elimination of previous 
drawbacks. Non-Latex elastics became popular in the 1990’s due to 
growing concerns with Latex allergies or sensitivities.21, 22 Even with their 
superior material properties, over natural rubber, both Latex and Non-
Latex elastics have some limitations.18  
Currently there are a wide range of elastic sizes and force levels 
available. Sizes range from 1/8” to 3/4” internal diameter, with force 
levels ranging from 2.0oz to 14oz. Most sizes come in several different 
force levels. The most common sizes and force levels in practical use 
would be sizes ranging from 3/16” to 5/16” with forces ranging from 
3.0oz to 6oz. Selection of size and force level is vastly diverse and at the 
discretion of the orthodontist. Latex and Non-Latex intraoral elastics are 
widely used as both intra-arch and interarch force delivery devices and 
have become an integral part of orthodontic practice today. They are 
widely available, inexpensive, and relatively hygienic as a treatment 
option.17 
1.3 Latex and Non-Latex Intraoral Elastic Composition 
Intraoral elastics are manufactured in a large number of varying 
sizes, cross-sectional area, and material compositions. Force levels will 
vary depending on a number of variables both intrinsic and extrinsic to 
the elastics themselves. Extrinsic factors can be altered to a certain 
extent but are much more difficult to control than intrinsic. Factors 
which may be easily controlled include cyclic temperatures, mastication, 




Less controllable factors would be intraoral acidity, salivary composition, 
and amount of salivary flow. Intrinsic factors, which manufacturers can 
control, are the material composition, the internal diameter, and cross-
sectional areas of the elastomeric products. Precise material 
compositions can be obtained by each manufacturers Safety Data Sheets 
(SDS). 
Latex elastics are generally made of Natural Polyisoprene Rubber 
(90-95%), Colorant (0.1-7%), and some type of vulcanizing agents (3-5%), 
usually sulfur, which is used to convert the elastomers into cross-linked 
polymers.23–25 Some manufacturers may also include some additional 
components such as zinc oxide (0-1%), polymetric hindered phenol (1-
2%), and dithiocarbonate derivative (0-1%).24, 26 Non-Latex elastics 
consist of a styrene-butadiene polymer (50-100%).27–29 Percentages 
depend on the manufacturer. No other components were listed. 
Intraoral elastic bands are manufactured by cutting, or slicing, 
long lengths of Latex or Non-Latex tubing into the appropriate 
thicknesses depending on the desired force level of the elastics. 
Additional ingredients used in the manufacturing and processing of 
elastics include cornstarch, to help prevent the elastics from sticking 
together after being packaged, and PAM  Cooking Spray, which is used 
to lubricate the cutting blades and prevent the elastics from sticking to 
the blades. 
All products used in the manufacturing of both Latex and Non-
Latex intraoral elastics are classified as non-hazardous to health and are 
therefore not required to be reported. Due to this, several manufacturers 
have not disclosed what their Latex or Non-Latex material compositions 





1.4 Physical Properties 
1.5 Force Decay in Elastics 
Studies of intraoral elastics have been ongoing for nearly 80 years, 
however few studies existed before the early 1990’s. Comparisons in force 
decay began with the introduction of Non-Latex elastics around this 
same time era.  
Kanchana et al.30 studied three different sizes of Latex intraoral 
elastics. Comparison of initial force levels to their manufacturer reported 
levels (3x lumen diameter), showed that, for all sizes and manufacturers, 
the force levels were higher than the reported values. As would be 
expected force levels increased with increased stretching distance and 
decreased with decreasing distance. Initial force value variations were 
manufacturer dependent with some values being as much as 42% higher 
than their respective reported values. Notable force degradation for all 
elastics studied was found with a force loss of approximately 30% within 
the first hour of testing. There was an additional loss of up to 7% from 
the 1-hour test to 3 days when the study concluded. It was also noted 
that there was significant variation in force degradation between the 
different sizes and force extensions. In general, it was shown that greater 
percent loss was seen with larger stretch extensions and for smaller 
elastic diameters. It was, therefore, suggested that a clinician may benefit 
from the use of a force degradation table to select the appropriate elastic. 
Russel et al.31 were able to demonstrate that forces of Latex 
elastics, stretched to 2x their internal diameter, were significantly lower 
than the manufacturers reported values, eg. GAC Latex 4oz(113g) 
measured 74.9g. When stretched to 3x internal diameter, forces were 
significantly higher than or equal to reported values, eg. GAC Latex 
4oz(113g) measured 140.7g. During the force decay testing it was shown 




85% of their original force values. At the end of the 24-hour testing 
period force values had decreased to 57-80%. They were not able to 
demonstrate a consistent relationship between sizes or manufacturer.  
Kersey et al.32 tested both Latex and Non-Latex intraoral elastics 
under cyclical conditions. Similar to previous studies, forces generated at 
2x marked internal diameter were lower than manufacturer reported 
values, 4.5oz(128g) Latex measured 53.7g, whereas at 3x internal 
diameter forces were only slightly below reported values, 4.5oz(128g) 
Latex measured122.2g. They concluded that the majority of the force loss 
occurred within the first 30 mins of testing with 81% of original force 
remaining. By the conclusion of the 24-hour study period the Latex 
elastics showed 75% remaining force levels from their initial time point.  
Tran et al.33 studied both Latex and Non-Latex elastics in a 
simulated saliva condition. They evaluated 1/4” size elastics from four 
different manufacturers. They reported that the majority of the force loss 
was within the first hour of testing with a remaining force level of 
approximately 80-85%, eg. Ormco 114g initial, 97g after 1h. They 
suggest the possibility of using elastics that exceed the desired force level 
initially in hopes of counteracting the great amount of force loss observed 
within the first hour of use.  
Fernandes et al.34, 35 compared different sizes and brands of Latex 
orthodontic elastics under static conditions. They found that the greatest 
rate and amount of force loss occurred within the first 3 hours of testing, 
most of which occurred within the first hour. Percentage of force 
remaining ranged from 80% to 91% within the first hour and a more 
steady, slow decline was noted up until testing completion at 24 hours 
with 70% to 82% of force remaining. There was a large amount of 
variability between brands and elastic sizes. Brand and elastic size were 




Very recently Yang et al.36 compared Latex elastics with different 
lumen diameters and manufacturer reported force values both in vivo 
and in vitro. They concluded that the in-vitro samples had a force 
degradation of 13-18% within the first hour with the rate declining for 
the remainder of the 48-hour study period concluding with a rate total 
percentage of force loss between 29-40%. They also concluded that for 
larger inner diameters and smaller reported force values, slower force 
decays were observed. 
1.5.1 Latex vs Non-Latex Elastics 
In the mid 1990’s there was a significant increase in reported 
“Latex allergies”. As such several newer alternative products started to 
come to the market. These included a Non-Latex intraoral elastic for 
orthodontic purposes. These materials were vastly different from their 
Latex predecessors in material composition, physical characteristics and 
properties. Studies comparing the 2 materials have shed light on the 
effectiveness of force delivery and the differences that exist. 
Russell et al.31 compared mechanical properties of Latex and Non-
Latex elastics from 2 different manufacturers. This included, among 
others, a cross-sectional area analysis, breaking force comparison as well 
as a 24-hour force relaxation comparison. Forces were shown to decrease 
over the 24-hour period to an approximate value of 75% of the 
manufacturers reported values for the Latex elastics as well as one of the 
Non-Latex groups. The remaining Non-Latex group showed a decrease to 
60%. Depending on the elastic strength and manufacturer, the Latex 
elastics tended to show a higher breaking force over the Non-Latex 
elastics. 
Kersey et al.22, 32, 37 studied physical properties and force 




They found that the physical properties were consistent between the 2 
groups, but that force degradation appeared to be greater among the 
Non-Latex elastics studied. The mean force loss after 1-hour of testing 
resulted in about 80% and 73% of initial force values for both Latex and 
Non-Latex respectively. At the end of the 24-hour period the forces had 
dropped to 75% and 53%. They also noted that for both groups the initial 
forces appeared to be similar to each other and were both lower than the 
reported manufacturers values. Of note is that several of the Non-Latex 
elastics failed at various times throughout the 24-hour testing period but 
none prior to 12hours. Reported values were of the remaining elastics 
only. 
Tran et al.33 were able to simulate salivary conditions while 
assessing force loss over a 24-hour period for both Latex and Non-Latex 
elastics. Multiple brands of elastics were used and evaluated. They found 
that all of the Non-Latex elastics showed a much higher initial force than 
the Latex elastics. In fact, for one brand, the forces were so great initially 
(183g), that after a 24-hour period the forces never reached the values of 
the Latex elastics at the same 24-hour period. There was significant 
variation among manufacturers. The Latex groups showed a force loss of 
approximately 15% within the first hour of testing and maintained that 
reduced loss over the remaining 24-hour period. The Non-Latex elastics 
showed a much more significant percentage of force loss with 
approximately 20% being lost in the first hour and up to 48% being lost 
by the end of the 24-hour period.  
Kamisetty et al.21 analyzed physical properties and force relaxation 
in both Latex and Non-Latex elastics. Non-Latex elastics showed greater 
cross-sectional area than Latex elastics for all types, however the internal 
diameter remained consistent. Although not noted, this could have 




difficult for the patient to insert. A wide variation in morphology found in 
elastics of the same manufacturer and elastic type was also reported, 
giving rise to concerns of variation in force levels during clinical use. 
Force degradation was also noted to be greater in Non-Latex elastics. 
Breaking force of Latex elastics were significantly lower than the Non-
Latex elastics in all groups except one. This is in conflict to the results 
found by Russell et al. 
Patel et al.38 evaluated American Orthodontic Latex and Non-Latex 
elastics under wet conditions. Both elastics showed significant force loss 
over a 36-hour period with non-Latex exhibiting a significantly greater 
degradation than Latex. At the conclusion of the 36-hour study period it 
was reported that there remained 75% and 58% of initial force for both 
Latex and Non-Latex elastics respectively.  
Oliveira et al.39 extended testing time beyond the usual 24-hour 
period and studied both Latex and Non-Latex elastics over a 504-hour 
period. Initial forces varied among manufacturers for both groups, but 
force relaxation trends were consistent. Initial forces were found to be 
higher in the Non-Latex groups. They found that both groups showed 
both elastic deformation and force degradation. Non-Latex elastics 
showed a greater degradation at all time intervals. Latex elastics showed 
a smaller and more uniform deformation. 
More recently in 2018 Ardani et al.40 compared Latex and Non-
Latex orthodontic elastics force degradation over a 48-hour period. They 
reported that, in terms of force degradation, a statistically significant 
difference exists between Latex and Non-Latex elastics from a 0 – 24 
hour period with no significant difference occurring from 24 – 48 hours. 
They found that the Latex elastics showed a greater force degradation 
over 24-hours than the non-Latex elastics. Interestingly, these results 




non-Latex elastics were observed to be much higher than those reported 
by the manufacturer. 
1.5.2 The Effect of Temperature on Force Decay 
Paige41, 42 simulated temperature change and measured resulting 
force loss of Latex and Non-Latex elastics. Experimentation was 
performed with both cyclic temperatures and static temperatures ranging 
from 5° C, 21° C, 37° C to 50° C. Both Latex and Non-Latex elastics 
showed a correlation between force degradation and higher temperature 
water baths. The greatest force loss was noted when cycling between 5° C 
and 50° C. Non-Latex elastics showed greater force loss than Latex 
elastics at intermittent elevated temperatures. 
Gonzaga et al.43 studied the effect of temperature and humidity on 
the long-term storage of elastics. Forces were evaluated at 200% - 600% 
internal diameter in 100% intervals. Temperatures evaluated were 
ambient room temperature and refrigerated temperature. Results showed 
that temperature and humidity did not significantly impact initial force 
levels. Initial forces for both Latex and Non-Latex were equivalent 
between ambient and refrigerated temperatures. They concluded that 
storage of elastics in ambient room temperature will not affect the 
physical properties of the elastic.  
1.5.3 Environmental Effects on Force Decay 
Leão Filho et al.44 tested the effects of various frequently consumed 
beverages on force degradation of Latex intra-oral elastics. They 
concluded that frequent consumption of beverages had no significant 
effect on the force degradation of the elastics. 
Shailaja et al.45 and Ajami et al.46 performed simulated saliva 
experiments with altered pH levels. These were done to simulate dietary 




changes in pH had no significant influence on force degradation over 
time. 
López et al.47 evaluated force decay in elastics under wet and dry 
conditions. Forces for both Latex and Non-Latex elastics were compared. 
Across all brands tested, both Latex and Non-Latex elastics showed a 
significantly higher rate of force loss under wet conditions when 
compared to dry.  
1.5.4 The Effect of Cyclic Stretching on Force Decay 
Liu et al.48 studied the effect that repeated stretching has on force 
decay in elastics. Elastics were cycled, to 400% extension, from 0 to 1000 
times with cycles performed once per second. They found that this 
repeated stretching significantly reduced the force and compliance of the 
elastics up to 200 cycles. There were no statistically significant 
differences beyond the 200 cycles.  
In 2003 Kersey22, 32 compared the effects of cyclic stretching on 
elastics at body temperature in a wet environment to static stretching of 
elastics under the same conditions. It was observed that cyclic testing 
caused significantly more force loss, which was seen primarily within the 
first 30 mins of testing. Cyclic testing did not appear to change the rate 
of force decay beyond this initial rapid decline. After a 24-hour period the 
percentage of force remaining for statically stretched Latex and Non-
Latex elastics was 83% and 69% respectively. They showed that for cyclic 
stretching there was 75% for Latex and 53% for Non-Latex force 
remaining after the 24-hour testing period. 
Lin et al.49 evaluated the effect stretching speed has on the force 
loss of Latex elastics. Elastics were kept at 37°C in artificial saliva. Static 
stretching (group 1) was compared to stretching speeds of 80mm/min 




significant degradation within the first 15 mins with stabilization at 120 
min. Group 2 showed an almost immediate degradation within the first 
minute and stabilization after 300 min. There was no stability observed 
in group 3. After 24-hours they noted that 60% of the group 2 bands and 
87% of the group 3 bands had snapped. They concluded that high 
speeds produce rapid degradation and instability of the elastic force. 
1.5.5 In-Vivo Force Decay 
There exists a real need for clinical outcomes in any good health 
related research design. Many in-vitro studies cannot be directly 
translated to the in-vivo experience. This is in part due to the large 
variation that exists in people in real life situations. Lab studies are 
meant to be precisely controlled. This, however, can be quite different 
when taken to clinical trials. The following studies have attempted to 
demonstrate these important differences. 
Pithon et al.50 utilized 26 patients to test how Latex and Non-Latex 
elastics behave in-vivo. Different size elastics were used during testing. 
Elastics were placed in the mouth using a thermoplastic plate and 
evaluated at different time intervals over 24 hours. They observed that 
both Latex and Non-Latex elastics showed permanent deformation and 
increased internal diameter throughout the entire testing period. Latex 
elastics of 1/8” diameter showed an increased residual force over their 
Non-Latex counterpart. 1/4” and 5/16” Non-Latex elastics were shown to 
have elevated force levels over Latex elastics up until the 12-hour 
measurement. Apart from the 1/8” Latex elastics, the remaining elastic 
sizes showed no significant differences between the Latex and Non-Latex 
elastics by the end of the experiment. 
Qodcieh et al.51 looked at force degradation, in-vivo, of Latex 




relationship of amount of mouth opening and the effect of force decay. 
Fifty-two patients were asked to wear class II intraoral elastics during 
their orthodontic treatment. They observed that 50% of the initial force 
was lost within 4-5 hours of elastic insertion. Continuous significant 
force loss was seen in all elastics, at all time intervals, with rates of force 
loss being similar among all groups. It was also noted that no correlation 
was found between force decay and mouth opening.  
Notaroberto et al.52 studied force degradation between Latex and 
Non-Latex elastics used on 15 patients. Data was collected at 0, 1, 3, 12, 
and 24 hours. It was shown that forces of Non-Latex elastics were higher 
than Latex initially, however starting at the 1-hour time point, and up 
until the end of the study, the Latex elastics exhibited higher forces 
overall. They were able to conclude that Non-Latex elastics, in-vivo, 
showed a higher percent force degradation over a 24-hour period than 
Latex elastics.  
Yang et al.36 compared in-vitro elastic force degradation with in-
vivo degradation over 48 hours. Several different sizes of elastics were 
used throughout testing. They selected ten patients and instructed them 
to wear clear retainer trays, which held the appropriate elastic stretched 
to specified lengths. Elastics were place as intra-arch elastics from upper 
canine to upper second molar and lower canine to lower first molar, and 
therefore were not affected by mouth opening. Ten data collection points 
were collected over the 48 hours. Bench top elastics with replicating 
stretch distances were used as controls. These were kept in both dry air 
and artificial saliva. Within the first hour the in-vivo group showed a 
sharp decline in force values of about 13-18%, compared to 2-4% for the 
dry air group and 7-10% for the artificial saliva group. At the conclusion 
of 48 hours the force degradation was seen to be about 33-37% for the 




saliva group. They concluded that force degradation of Latex elastics is 
greater in-vivo than in-vitro in air or artificial saliva. 
1.6 The Effect of Pigmentation on Force Decay 
Traditionally Latex elastics were supplied in natural, amber, color 
and Non-Latex elastics in natural, white/clear color. In recent years 
intraoral elastics have become available in a variety of colors. These are, 
generally, manufactured and offered in Green, Orange, Purple and Pink 
Neon colors. These are generally supplied as a mix of colors in a single 
patient bag. Some manufacturers have included additional colors such 
as blue, yellow and red. Selection of colored intraoral elastics, over 
natural color, is based on practitioner or patient preference and could be 
used to help motivate the patient in elastic wearing compliance. 
Manufacturer reported diameters and force levels are equivalent to 
natural colored elastics. 
The coloration process for intraoral elastics remains largely 
unknown. The colorant is added as a coating, using colored polymer 
pellets, prior to the cutting and sizing of the elastomeric tube into 
intraoral elastics (Figure 5). The color is not incorporated throughout the 
elastic itself. The precise chemical composition is not reported by the 
colorant manufacturer. 
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The effect pigmentation has on force degradation in power chain 
elastomeric materials has been studied previously. Several authors have 
reported on some differences that seem to exist by the addition of 
pigmentation to the elastomers.53 In regard to pigmented intraoral 
elastics, few studies exist. An exhaustive search of the literature 
produced only the following three such studies which have utilized 
colored intraoral elastics, in whole or in part, as a testing medium. 
However, only one study reported force levels and degradation over time. 
Santos et al.54 performed 2 of the studies and investigated the 
cytotoxicity of colored Latex elastics. Cytotoxicity was defined as the 
ability to cause cell lysis. In the first, study elastics from one 
manufacturer were used as a control while a second manufacturers 
colored and natural elastics were used as the test subjects. Elastics of 
Green, Pink, Yellow, Red & Purple were analyzed against natural Latex 
using a “dye-uptake” test. They concluded that cytotoxicity (cell lysis) 
was dependent on the manufacturer. All elastics in the test subject group 
showed high cytotoxicity regardless of color. 
The second study by Santos et al.55, evaluated whether there 
existed any difference in cytotoxicity among color groups of Latex 
elastics. They chose a different manufacturer than in their previous 
study and performed a “dye-uptake” test to analyze the results. Colors 
used were Natural Latex, Red, Yellow, Green. They concluded that all 
colors were equally cytotoxic, and no significant differences exist. The 
colored elastics were also found to be similar to the natural Latex elastics 
in cytotoxicity and all were deemed highly cytotoxic.  
In 2018, Ardani et al.40 assessed the differences between Latex and 
Non-Latex orthodontic elastics. Their study was mainly focused on 
natural Latex and Non-Latex elastics, but they did include some data on 




be noted that elastics were stretched to a distance of 30mm and were 
done as a static stretch. The results seemed to indicate that all three 
colored elastics were similar in force delivery and decay. The initial forces 
were also similar among colors but were significantly lower than their 
natural Latex comparison. Colored Latex elastic initial forces were 
approximately 165-185g whereas the natural Latex elastics were 250g. 
The data also suggested that the colored Latex elastics had a continual 
force degradation over 24 hours whereas the natural Latex elastics 
seemed to stabilize around the 12-hour testing period with no significant 
changes occurring from 12 – 48 hours for either group. At the end of 24 
hours the natural Latex elastics were reported to hold force values of 
141g with the Orange and Green elastics having 102g of force. Pink 
elastic forces were noted to be about halfway between the natural Latex 
and the Green and Orange values, settling in around 124g of force after 
24 hours of testing. The colored elastics showed trends that more closely 
resembled those of the American Orthodontics Non-Latex elastics than 
did the natural Latex elastics. Interestingly both results and conclusions 
were not reported for the colored orthodontic elastics and observations 
were taken from the graphs and charts alone. 
1.7 In Vitro Methodology for Studying Elastic Performance 
Most authors of previous studies employed different techniques to 
measure resulting elastic forces. Most studies required the removal of the 
elastics from their testing apparatus and placement onto the force 
measuring device. After measurement the elastics were again removed 
from the measuring devices and replaced onto their respective testing 
apparatuses, for further testing.21, 30, 31, 33, 34, 36, 38–40, 42, 44–47, 50–52, 56–59  
The most common method of testing force delivery among the 
reviewed studies was the use of a Universal Testing Machine.21, 30, 31, 33, 34, 




among the studies, but all were similar in function. Universal testing 
machines are specifically designed for laboratory use as a method of 
testing and collecting force levels for different materials. 
Another popular method seen in several studies was the use of 
hand-held devices (force gauges), which were mounted to test stands.38–
40, 46, 51, 57–59  The primary purpose of these devices is to measure force. 
There were several different manufacturers and types of hand-held 
devices noted, but all were of similar function. These devices operated by 
placement of the elastics between the force gauge and a fixed hook, set at 
the desired measuring distance. Force readings were manually recorded 
for each elastic measured.  
There were additional studies which made use of an Instron 
Testing Machine (Canton, Mass, USA).30, 31, 33, 42 Different models of the 
Instron were used between studies with the Mini 44 Instron being the 
most popular. These machines have been well known for use in materials 
testing and are considered the gold standard when it comes to force 
measurement. 
There were only a few studies that employed techniques which 
eliminated the removal of the elastics for force measurements. These had 
built in force strain gauges that were connected directly to the elastics, 
allowing for direct measurement.22, 49 The measurement apparatus 
employed in these studies were binocular beam load cells with fixed 
hooks at one end. These required a computer program to collect and 
process the force readings. 
There was some variation noted in the device force measuring 
capabilities. Most force measuring devices are labelled with a maximum 
measuring capacity. In the studies reviewed the devices maximum 




studies had measuring capacities of either 300g(3N), 500g(5N) or 
1000g(10N). 
Most in-vitro studies attempted to simulate intra-oral conditions to 
some degree. There were several intra-oral condition simulations that 
were common among the various studies. The two most common 
simulations were keeping the elastics in a wet environment and 
maintaining that wet environment at 37°C, to simulate body 
temperature. The vast majority of previous studies fulfilled these two 
objectives.21, 22, 30, 31, 33, 34, 36, 40, 42, 45–47, 49, 56, 58–60 In fulfilling the objective 
of keeping the elastics in a wet environment it was noted that about half 
the previous, in-vitro, studies utilized a distilled water bath22, 30, 31, 34, 47, 
60 while the other half implemented an artificial saliva immersion21, 33, 36, 
38, 40, 45, 46, 49, 56, 58, 59. Very few studies attempted to simulate mouth 
movements during function.22, 48, 49 Most previous research was 
completed with elastics statically stretched between two points with no 
further movement. 
Elastic failure, or breakage, was recorded by very few studies, 
some of which purposely tested the breaking force of elastic bands by 
continually stretching the bands until failure occurred.21, 31 A few studies 
noted failure during routine testing of force degradation.22, 49 Failure was 
only found in studies which had cyclic testing as part of their 
methodology and no elastic failure was noted to have occurred before 
12h of testing. Kersey noted elastic failure only occurred in the Non-
Latex elastics, and number of failures was heavily manufacturer 
dependent.22  
1.8 Problem Statement 
Since the introduction of orthodontic elastics, force delivery levels 




pH, beverages, temperature, type of stretching, and multiple other 
factors have been investigated. With the advent of new materials and 
additional options to the clinician there is limited information on the 
effect of pigmentation on the initial level of force delivery and its 
degradation over time. 
1.9 Purpose 
The primary purpose of this in-vitro study was to assess the effect 
of pigmentation on the force levels and degradation over time of intraoral 
orthodontic elastics. In addition, material composition (Latex and Non-
Latex), and performance of double elastics (vs single elastic wear) on 
force levels and degradation over time were also assessed. This study was 
performed over a period of twenty-five 24-hour days in an attempt to 
simulate the functional movements experienced by orthodontic elastics. 
This information will help identify whether the addition of color to 
intraoral elastics has any effect on force delivery in both Latex and Non-
Latex compositions, in three manufacturers. 
1.10 Null Hypothesis 
It is hypothesized that variation in pigmentation of orthodontic 
intraoral elastics will not result in a significant variation of force 









Chapter 2  
2 Materials and Methods 
2.1 Intraoral Elastics 
All elastics tested were 1/4” in size and 4.5oz in reported force 
values. This represents one of the more commonly prescribed sizes and 
force values in clinical use. The groups that were tested included elastics 
manufactured by American Orthodontics (AO) (Sheboygan Wisc, USA), 
Ormco (OR) (Orange California, USA), and Auradonics (AU) (Delran New 
Jersey, USA). AO and OR are larger, more globally recognized orthodontic 
supply companies. AU is a smaller, more regionally recognized 
orthodontic supply company. AO and AU are supplied in both Latex and 
Non-Latex while OR is supplied in Latex only. Hence, in total twenty-five 
groups were selected for evaluation: 
American Orthodontics Latex Elastics 
1. Green = AOGL 
2. Orange = AOOL 
3. Purple = AOPpL 
4. Pink = AOPL 
5. Single Natural Latex = AOSL  
6. Double Natural Latex = AODL  
American Orthodontics Non-Latex Elastics 
7. Single Natural Non-Latex = AOSNL 




Ormco Latex Elastics 
9. Green = ORGL 
10. Orange = OROL 
11. Purple = ORPpL 
12. Pink = ORPL 
13. Single Natural Latex = ORSL  
Auradonics Latex Elastics 
14. Green = AUGL 
15. Orange = AUOL 
16. Purple = AUPpL 
17. Pink = AUPL 
18. Single Natural Latex = AUSL  
19. Double Natural Latex = AUDL  
Auradonics Non-Latex Elastics 
20. Green = AUGNL 
21. Orange = AUONL 
22. Purple = AUPpNL 
23. Pink = AUPNL 
24. Single Natural Non-Latex = AUSNL 




Latex elastics from all three manufacturers were obtained in four 
different neon colors: Green, Orange, Purple and Pink. Non-Latex 
elastics, from AU, were also obtained in the same neon colors. 
Additionally, Natural elastics in both Latex and Non-Latex forms were 
obtained from AO and AU, while Natural elastics from OR were obtained 
exclusively in Latex. The choice in colors was based on supply from the 
manufacturers. All color and non-color choices available were chosen to 
be evaluated. This yielded a total of 25 different groups of intraoral 
elastics being tested (Figure 6). Ten samples of each elastic group were 
analyzed giving 250 total elastic samples.  
At the beginning of testing, the manufacturers were asked to 
supply elastics from the most recent manufacturing date to reduce 
possibility of expiry date influencing results. The expiry dates were all 
within a couple months of each other, and within 32-34 months of their 
expiration dates, with the exception of one of the Auradonics Non-Latex 
colored elastic lots. These were still within 19 months of their expiration 
date. Lot numbers from two different batches were also requested for 
each group of elastics being tested to account for possible manufacturing 
anomalies within any one particular lot. The colored elastics are supplied 
all together as a mixed package containing all four available colors. All 
elastics were stored, sealed, in their respective manufacturing pouches, 
and kept in their original boxes, at room temperature, until removed for 
testing. The elastics were tested within one months of being received. A 
full list of elastics, with their associated lot numbers and expiry dates 


































































Expiry Date Batch LC 
AO L M07398 2023-06-09 A 1-5 
  L M10775 2023-06-11 B 6-10 
  L Col M13560 2023-06-22 C 1-5 
  L Col M07397 2023-06-03 D 6-10 
  NL M24142 2023-07-08 E 1-5 
  NL M24141 2023-07-07 F 6-10 
AU L 350250 2023-06-01 G 1-5 
  L 350300 2023-07-01 H 6-10 
  L Col 092230 2023-06-01 I 1-5 
  L Col 093260 2023-06-01 J 6-10 
  NL 227006 2023-07-01 K 1-5 
  NL 229001 2023-07-01 L 6-10 
  NL Col 118911 2022-05-01 M 1-5 
  NL Col 224010 2023-06-01 N 6-10 
OR L 082084503 2023-08-07 O 1-5 
  L 072073070 2023-07-23 P 6-10 
  L Col 072059307 2023-07-23 Q 1-5 
  L Col 072059306 2023-07-03 R 6-10 
Table 1: Investigated Elastics   L Col – Latex Colored 
NL Col – Non-Latex Colored 
Batch – Letter Assigned to Lot Number 
LC – Load Cell Number 
2.2 Testing Apparatus Fabrication 
The author designed and implemented a testing apparatus for 
automated cycling and testing of elastic force values over time. This 
apparatus was designed to simulate intraoral conditions and included a 
water tank with heating element, to simulate body temperature, as well 
as a motor, to simulate jaw movements during normal speech and 
function. 
Fabrication of the elastic testing apparatus was done in two parts. 
Collaboration, between the author and the University of Western Ontario 
Engineering Department’s Machine Services, was employed to custom 




baseplate were constructed using rigid aluminum and the tank for the 
water bath was constructed using acrylic sheets with a standard shut off 
valve for drainage. Custom milled aluminum plates were also fabricated 
to house the load cells and hooks utilized for the stretching of the 
elastics (Figure 7). 
 
A.                        B. 
          Figure 7: Stretching Apparatus - A. CAD/CAM rendering  B. Completed Structure 
Once this structure had been completed the author undertook the 
task of designing and building all the electronic components of the 
system. The main processing unit of the machine includes a Keystudio© 
Mega 2560 R3 (ATmega2560) Arduino “like” microcontroller processor, 
which is used to control all aspects of the monitoring, processing, data 
collection and function of the apparatus. Two custom printed circuit 
boards (PCB) were designed using Fritzing©, open source software, and 
manufactured by OSH Park LLC (Lake Oswego Oregon, USA). The PCB’s 
were then mounted to the microcontroller as stackable shields, to fulfill 
space requirements inside the electronic enclosure. These were used to 
house the majority of the additional electronic components required 





A.            B. 
Figure 8: Microcontroller and PCB's - A. Keystudio© Microcontroller  B.  
Stackable Shield PCB's 
Elastic forces are measured using 10 individual, binocular beam 
style, load cells. Strain gauges attached to the load cells transmit the 
changes in resistance values, during loading, to 10 Analog to Digital 
Converters (HX711) for signal amplification. These signals are then read 
by the Keystudio© microcontroller and stored to a microSD card (Figure 
9). 
 
           A.       B.   




Mechanical stretching of the elastics is accomplished through the 
use of a linear slide rail attached to a QUIMAT Nema 17 Stepper motor. 
The motor is controlled using a Pololu© DRV8825 stepper motor 
controller with a separate 36V power supply. The motor’s movement is 
controlled by the Keystudio© microcontroller (Figure 10). 
 
Figure 10: Linear Slide Rail with Nema 17 Stepper Motor 
Water temperature is monitored by the use of a DS18B20 
temperature sensor which transmits the temperature value to the 
Keystudio© microcontroller. Depending on the desired water temperature, 
the microcontroller in turn activates a solid-state relay to either turn on 
or off a Bulk Reef Supply Schego 100W Titanium Heating Element. Water 
temperature is accurate to within 0.2°C (Figure 11). 
 




A 3.5” Color Touch Screen HMI TFT Enhanced Nextion© 
NX4832K035 LCD display was fitted to the apparatus, and connected to 
the Keystudio© microcontroller, to provide a user interface for selecting 
various options prior to beginning the stretching process. Options 
available are desired water temperature (°C), load cell read time (min), 
cycle stretching time (min), elastic manufacturer, elastic size (in), 
manufacturer elastic force value, material type (Latex or Non-Latex), 
elastic color and desired stretching distance (mm) (Figure 12).  
 
Figure 12: LCD Touch Screen Display 
Custom written software was developed and implemented, by the 
author, for both the Keystudio© microcontroller and the Nextion© display. 
This was done using the open source software packages from Arduino© 
and Nextion©.  
All electrical components were obtained through various online 
venders. The author micro soldered all electrical components to the 
custom printed circuit boards for better stability and reliability of 





A.                     B.  
Figure 13: Microsoldering - A. Microsoldering Station  B. Microsoldered Components 
Both apparatus and software use were designed to be simple, 
intuitive, and multifunctional to the user for various testing scenarios 
(Figure 14). 
 
Figure 14: Completed Stretching Apparatus 
2.3 Verification of Apparatus Accuracy and Reliability 
Each aspect of the testing apparatus required verification of 
measurements used to ensure an accurate, and reliable, representation 
of data was being offered. Both distance measurements and force 
readings were verified before any testing had occurred. Verification was 




Distance measurements were verified using digital calipers that 
were tared to zero before each verification. Three measurements required 
verification: pre-starting distance from the inside of both hooks on each 
side the elastic was to be stretched on, the starting distance elastics were 
to obtain during their initial stretch, and the final stretching distance. All 
measurements were recorded in 1/10 mm increments. Each step was 
done through the custom written software so as to halt the movement of 
the hooks at each desired distance. Measurements were obtained from 
the digital calipers and compared to the desired distances. Any 
adjustments necessary were done in the software and distances were re-
verified 4-5 times to ensure accuracy and reproducibility (Figure 15). 
 
          A.           B.  
Figure 15: Distance Verification - A. Resting Distance  B. Initial Stretch Distance 
Force values were verified using both a Universal Instron Machine 




Shimpo Digital Force Gauge (Shimpo Model# FG-7002; Glendale Height 
IL, USA) with a 5 N load cell (Figure 17). Force values for ten 1/4” 
elastics were placed on the testing apparatus and pre-stretched to a 
distance of 3x their lumen diameter (19.10mm). They were subsequently 
stretched an additional 25mm at a frequency of 1x per minute for a 
period of 24 hours. Elastics were removed at specified time periods 
(1min, 5min, 1h, 24h) and placed on a jig to hold their stretched 
distances. This was done to ensure elastic relaxation did not occur 
between measurements. These same elastics were then placed on the 
Instron and force values were obtained keeping the Instron in a static 
state and allowing the elastics to maintain their starting distance of 
19.10mm (Figure 16).  
 
  A.                B.  




Verification of Data was done by compiling all recorded data into 
the statistical software program SPSS version 24.0 (SPSS, Inc., Chicago, 
IL, USA). Mean and standard deviations (SD) were calculated for each 
machine used at every time point. Normality, for distribution of data, and 
lack of significant outliers was confirmed with histograms and boxplots. 
Pearson Correlation (r=0.88-0.98, p<.001-.04) was performed to confirm 
that data displayed similar force patterns between devices at all tested 
time points. Paired t-tests were also performed to ensure there was no 
significant differences in force values obtained between the Instron and 
the testing apparatus. Level of significance was set to p<.05 and all time 
points showed no significant differences (p=.13 to p=.89) between 
recording devices.  
Bland-Altman plots (Appendix N) and Intraclass Coefficient 
Correlation (ICC) tests were also performed to ensure accuracy, and 
reliability, of the testing apparatus. A Bland-Altman plot was created for 
each time point with bias (mean of force differences between testing 
machines), upper limits of agreement (ULOA), and lower limits of 
agreement (LLOA) included. Both ULOA and LLOA represent the 95% 
confidence interval (+/- 1.96 SD) of all plotted points. All time points 
indicated that all data fell within the ULOA & LLOA. Two-Way Random 
ICC was done, for each time point, to ensure mean variations were 
accurate and not random variation. ICC calculations were strongly 
correlated for all time points tested except T1min (.73, p=.02). This was 
likely due to the rapid force relaxation after the initial 1 min time 
interval. The increased time interval between elastic removal from the 
testing apparatus and placement on the Instron machine prohibited 
minimization of force relaxation effects. Remaining ICC values were .88 
at 5min (p<.001), .96 at 1h (p<.001), .89 at 24h (p=.002). ICC 




between the gold standard Instron Testing Machine and the new novel 
testing apparatus developed for this study. 
 
Figure 17: Shimpo Force Verification 
2.4 Testing Conditions and Data Recording 
Elastic pouches were kept sealed and placed inside their respective 
cardboard boxes or lined bags until immediately ready to place on the 
testing apparatus. Elastics were randomly selected, from the available 
samples, with five elastics selected from each corresponding lot number. 
Elastics were visually inspected to ensure no gross discrepancy in shape, 
size, or thickness was readily apparent. Loading of elastics took place 
using elongated tweezers void of any serrations. Each elastic was 
attached to 2mm stainless steel hooks which were separated by a 
distance of 1mm to give a 5mm initial separation distance. A water bath, 
containing distilled water (pH=5.9), with a maintained temperature of 
37°C, encompassed the elastics throughout the testing period. Due to 
evaporation water levels were checked frequently, and additional water 
was added to maintain constant water levels throughout testing. When 
testing began, each elastic was stretched to 3x their initial lumen 
diameter (19.10mm). This was chosen as manufacturer reported values 
are given at this distance. This distance was used as the starting 




speech, elastics were further stretched and subsequently relaxed an 
additional 25.0mm 1x per minute with a cycle speed of 1s. As no data 
could be found for speed of mouth opening in patients, a speed of 1s was 
chosen as it was used in a previous study.22 Stretching continued for a 
period of 24 hours at which point the machine was set back to resting 
position to prepare for testing of the next group.   
A cyclic stretching distance of 25mm was chosen through analysis 
of data obtained from various authors who reported on measured 
distances from either maxillary canine to mandibular first molar, 
maxillary canine to mandibular second molar, maxillary canine to 
mandibular second pre-molar, or maxillary lateral incisor to mandibular 
first molar. Peck et al. and Mansour et al. suggested that during 
maximum mouth opening an additional 24.7mm could be seen from 
resting position.57, 61 Most total distances reported during maximum 
mouth opening were between 20 and 50mm.10, 22, 40, 51, 60 Given an initial 
stretching distance of 19.10mm it was felt that an additional 25mm 
would satisfy clinical simulation of the testing conditions.  
Force readings were obtained by 10x binocular beam load cells 
which were attached to a fixed rigid aluminum plate. These were 
equipped with 2mm stainless steel hooks which were affixed to their 
inferior portion. Data was collected at 5 min time intervals for a period of 
24 hours giving rise to 1440 data points per elastic tested. Five min data 
collection was chosen as no other study has collected data with this 
frequency and has typically been collected in 30 min and 60 min 
intervals due to manual collection technique limitations. It would be 
possible to collect data in 1 min time increments as well but this was felt 
to be unnecessary and possibly an over collection of data. 
Before each manufacturer’s elastics were tested each load cell was 




values. A separate software program was used to input the known mass 
applied to the load cell. A calibration factor was calculated and used 
during the function of the apparatus. The elastic distances at rest, initial 
stretch and cycled stretch, were also checked and, if necessary, re-
calibrated, prior to each elastic group testing, using a set of digital 
calipers. Temperature of the water bath was monitored, and recorded, 
throughout the entire testing time using a submersible temperature 
probe. 
2.5 Pilot Study and Sample Size Calculation 
Prior to conducting the main study, a pilot study was undertaken 
to confirm the methodology and obtain force data to conduct a sample 
size calculation. Ormco Natural Latex elastics were selected in 1/4” sizes 
with 2.0oz, 3.5oz, 4.5oz and 6.0oz force levels. Testing was performed on 
10 elastics from each force level over 24 hours. Data obtained from the 
2.0oz, 3.5oz, and 6.0oz tests were purely observational and to ensure 
proper function of the testing apparatus. Force values and standard 
deviations from the 4.5oz elastics were used in the sample size 
calculation. From the obtained data a power study calculation was 
performed to obtain sample size for final testing. The standard deviation 
(SD) utilized in the sample size calculation was the highest one recorded 
during the pilot testing. The desired power was set to 0.8 with an alpha 
value of 0.05. The significant difference that was desired to detect 
between groups was 20g, or 20% of the mean measurement that was 
recorded (approximately 100g). A difference of 20g was chosen as a 
clinically significant difference given the large variation in required force 
to move teeth. Langlade14 notes required tooth movement force levels for 
individual teeth to be 40-75g for incisors, 115g for canines, 85-110g for 
pre-molars and 175-180g for molars. A force difference of 20g may not be 
as clinically significant when applied to molar teeth but may be a very 




was a good representation between smaller rooted teeth (incisors), 
requiring smaller forces, and larger multirooted teeth (molars), requiring 
larger forces. Given the above parameters a sample size of 4 was 
calculated but it was determined to use a sample size of 10 as the testing 
apparatus was setup for 10 samples. This also allowed for error in the 
unfortunate event of malfunction of any of the load cells or damage to the 
elastics. 
2.6 Data Analysis 
All data received was organized and uploaded to the statistical 
software program SPSS version 24.0 (SPSS, Inc., Chicago IL, USA). 
Descriptive statistics, including means (grams) and standard deviation 
(SD) were calculated at each time point for each group tested. Normality 
of data distribution was confirmed with histograms, boxplots, and Q-Q 
plots. Any significant outliers were checked for data reporting errors. 
Outliers were close, in force values, to the means and were determined to 
be random variation within the elastic pouches. It was determined that 
outliers at the 24-hour time point were mostly due to elastic breakage 
among the Non-Latex elastic groups, and for this reason, these data 
points were not included in the analysis. Instead, the number of elastic 
breakages per group was recorded. 
A Two-Way Mixed Analysis of Variance (ANOVA) was performed, which 
showed a statistically significant interaction effect between elastic group 
and time point on force levels (p<.001). Once this interaction was 
confirmed a between group One-Way ANOVA was performed, along with 
a Tukey multiple comparison test, for comparison of elastic groups at 
each time point. Tests were done to analyze specific elastic subsets. 
Comparisons were made between colored and Natural elastics for AO 
Latex, AU Latex, OR Latex & AU Non-Latex; natural colored Latex vs 




measures ANOVA was subsequently performed to analyze within group 
differences, over time, for each elastic group tested. This was followed by 
a pairwise comparison of the time points, with a Bonferroni adjustment. 




Chapter 3  
3 Results 
3.1 Comparison of Colored Latex Elastic Force Levels 
There were significant differences noted in force levels, at each time 
points, between all of the Latex elastic groups tested (p<.001). There were 
also significant differences noted in force levels between time points 
within all the Latex elastic groups (p<.001). The pairwise comparisons for 
each elastic manufacturer are described below. 
3.1.1 American Orthodontics Latex 
When comparing the mean force values of the AO Latex elastic 
groups at each time point, T1min (116.0g to 120.2g; p=.8 to p=1.0) & 
T5min (95.2g to 102.3g; p=.2 to p=1.0) showed no significant differences 
between any elastics (Table 2). At T30min to T24h AOGL elastics showed 
significantly lower force values (p=.03 to p<.001) than AOSL with 
differences progressively increasing. A similar declining trend was 
observed from T1h to T24h with AOGL being significantly lower in force 
levels than AOPL (p=.01 to p<.001). At the final time point of T24h AOGL 
also showed significantly less force than AOOL (p=.04). These results are 
displayed in graph format in Appendix G. 
When analyzing within group changes over time, all time points 
showed significant differences (p=.046 to p<.001) except AOGL between 
T1h-T6h; AOGL, AOOL and AOSL between T3h-T6h; AOOL between T3h-
T12h; AOOL, AOPpL, AOPL between T6h-T12h. The greatest amount of 
force decay, for all groups, occurred between T1min-T5min with the 
greatest percentage of force decay occurring in the AOGL group with 19% 
of original force being lost. Forces continued to decline throughout the 
length of the experiment with percentage of additional force decay 




greatest total force loss occurred in the AOGL group finishing with 60% 
of their original force levels. The least amount of total force loss was seen 
in both AOPL and AOSL with 70% of original force remaining (Table 3). 
Force decay for all AO Latex elastic groups is depicted in Figure 18. Each 
AO Latex elastics individual force decay graphs can be found in Appendix 
D.  
   Group 
Time Point AOGL AOOL AOPpL *AOPL *AOSL 
T1min 117.3 (4.5) 117.2 (7.5) 116.0 (8.3) 119.6 (8.5) 120.2 (9.5) 
T5min 95.2 (4.1) 98.0 (6.4) 98.6 (7.4) 101.1 (7.6) 102.3 (8.3) 
T30min 87.2 (4.4) 91.5 (6.4) 92.6 (7.2) 95.7 (7.3) 96.7 (7.8) 
T1h 83.8 (4.4) 88.9 (6.2) 90.0 (7.3) 94.2 (7.4) 94.9 (7.4) 
T3h 79.4 (5.7) 84.7 (5.9) 86.2 (6.8) 92.0 (6.8) 92.5 (6.6) 
T6h 78.1 (8.1) 83.6 (6.3) 83.9 (7.5) 89.8 (7.1) 91.7 (6.9) 
T12h 74.4 (8.0) 82.7 (7.8) 83.5 (7.8) 89.0 (6.1) 88.8 (6.1) 
T24h 69.8 (6.8) 78.0 (5.3) 76.0 (7.3) 83.6 (5.4) 84.4 (5.3) 
n=10 per group unless otherwise stated 
*n=9 per group 




Time Point AOGL AOOL AOPpL *AOPL *AOSL 
T1min 100% 100% 100% 100% 100% 
T5min 81% 84% 85% 85% 85% 
T30min 74% 78% 80% 80% 80% 
T1h 71% 76% 78% 79% 79% 
T3h 68% 72% 74% 77% 77% 
T6h 67% 71% 72% 75% 76% 
T12h 63% 71% 72% 74% 74% 
T24h 60% 67% 66% 70% 70% 
n=10 per group unless otherwise stated 
*n=9 per group 






Figure 18:  AO Latex Elastic Decay Over Time 
3.1.2 Auradonics Latex 
Between group differences of the AU Latex elastic groups at the 
initial time point (T1min) were found, with AUSL (124.1g) demonstrating 
significantly higher initial force levels than all AU Latex colored elastic 
groups (p=.004 – p=.01), except AUPL (Table 4). At all time points there 
were significant differences observed between certain colored AU Latex 
elastics and Natural AUSL elastics. Over the entire testing period there 
were no significant differences observed between any of the AU Latex 
colored elastics. At every time point tested, AUSL showed significantly 
higher force values than both AUGL (p=.007 to p=.001) and AUOL (p=.02 
to p=.004). AUSL showed significantly higher force levels than AUPpL 
(p=.04 to p=.004) at T1min through T3h, but no significant differences 
were seen after this time point. These results are displayed in graph 






























AU Latex within group comparisons, for time point differences, 
showed the majority of time points had significantly differing force levels 
(p=.04 to p<.001). Time points which did not show significant differences 
were AUGL (T1h/T3h to T6h/T12h, T6h to T12h, and T12h to T24h), 
AUOL (T1h to T12h, T3h to T6h/T12h, T6h to T12h/T24h), AUPpL 
(T30min/T1h/T3h to T6h/T12h, T1h to T3h, T3h to T24h, T6h to T12h), 
AUPL (T30min/T1h to T6h, T1h to T3h, T3h to T12h, T6h/T12h to 
T24h), AUSL (T3h/T6h to T12h). The greatest amount of force decay, for 
all groups, occurred between T1min-T5min with the greatest percentage 
of force decay occurring in the AUGL and AUOL groups with 19% of 
original force being lost. Forces continued to decline throughout the 
length of the experiment with percentage of force decay settling between -
2% and 7% (Table 17 - Appendix O). At T24h the greatest total force loss 
occurred in the AUOL group finishing with 65% of their original force 
levels. The least amount of total force loss was seen in AUPL with 74% of 
original force remaining (Table 5). Force decay for all AU Latex elastic 
groups is depicted in Figure 19. Each AU elastics individual force decay 
graphs can be found in Appendix E. 
   Group 
Time Point AUGL AUOL AUPpL AUPL AUSL 
T1min 99.4 (10.3) 101.0 (14.3) 97.9 (19.1) 106.6 (22.1) 124.1 (5.7) 
T5min 80.0 (8.5) 81.9 (11.4) 82.6 (16.1) 89.6 (18.2) 104.0 (5.0) 
T30min 74.8 (7.8) 77.5 (11.5) 78.9 (15.3) 85.1 (17.5) 98.3 (4.8) 
T1h 72.8 (7.5) 75.8 (11.4) 77.9 (15.2) 83.7 (17.3) 95.8 (4.9) 
T3h 70.6 (8.3) 71.8 (10.4) 76.1 (16.2) 81.9 (16.6) 92.1 (5.4) 
T6h 70.9 (9.1) 70.8 (11.7) 75.9 (15.8) 80.0 (14.9) 91.2 (5.2)  
T12h 70.1 (9.8) 72.7 (10.9) 76.3 (12.9) 77.0 (15.7) 88.9 (3.5) 
T24h 65.9 (7.4) 65.7 (8.0) 71.2 (13.1) 78.5 (15.9) 83.5 (4.6) 
n=10 per group unless otherwise stated 







   Group 
Time Point AUGL AUOL AUPpL AUPL AUSL 
T1min 100% 100% 100% 100% 100% 
T5min 81% 81% 84% 84% 84% 
T30min 75% 77% 81% 80% 79% 
T1h 73% 75% 80% 78% 77% 
T3h 71% 71% 78% 77% 74% 
T6h 71% 70% 78% 75% 73% 
T12h 70% 72% 78% 72% 72% 
T24h 66% 65% 73% 74% 67% 
n=10 per group unless otherwise stated 
Table 5: AU Latex Elastic Percentage of Original Force Remaining 
 
 
Figure 19: AU Latex Elastic Decay Over Time 
3.1.3 Ormco Latex 
When looking at between group differences in the OR Latex elastic 
groups, Natural ORSL (122.7g) demonstrated significantly higher initial 
force levels than ORPpL & ORPL (p=.03 to p=.004) at both T1min and 






























between any OR Latex elastics during time points T30min, T1h, T3h or 
T12h. At T6h ORSL displayed significantly greater force levels than ORGL 
(p=.003) and ORPL (p=.049). There were no significant differences 
observed between any of the OR Latex colored elastics from T1min to 
T12h. At T24h significant differences in force levels between ORGL and 
all the other elastics was present (p=.01 to p<.001). These results are 
displayed in graph format in Appendix I. 
OR Latex within group comparisons for time point differences 
showed the majority of time points had significantly differing force levels 
(p=.049 to p<.001). Time points which did not show significant 
differences were ORGL (T6h to T12h), OROL (T1h to T3h), ORPL (T3h to 
T6h), ORSL (T3h to T6h, T12h to T24h), ORPpL (T30min/T1h to T3h, 
T3h to T6h/T12h, T6h to T12h). The greatest amount of force decay, for 
all groups, occurred between T1min-T5min with the greatest percentage 
of force decay occurring in the ORGL group with 19% of original force 
being lost. Forces continued to decline throughout the length of the 
experiment with percentage of force decay settling between 0% and 10% 
(Table 18 - Appendix O). At T24h the greatest total force loss occurred in 
the ORGL group finishing with 57% of their original force levels. The least 
amount of total force loss was seen in ORPpL with 72% of original force 
remaining (Table 7). Force decay for all OR Latex elastic groups is 
depicted in Figure 20. Each OR Latex elastics individual force decay 










   Group 
Time Point *ORGL *OROL ORPpL ORPL ORSL 
T1min 115.1 (7.8) 116.5 (8.3) 108.1 (4.6) 108.2 (7.2) 122.7 (12.7) 
T5min 92.8 (6.5) 95.5 (6.9) 91.3 (3.8) 90.4 (5.6) 101.1 (10.7) 
T30min 86.6 (6.9) 89.6 (6.6) 86.5 (4.2) 85.8 (5.8) 94.4 (9.3) 
T1h 84.6 (6.8) 88.0 (6.3) 85.1 (4.9) 84.3 (6.2) 92.3 (8.3) 
T3h 81.2 (5.7) 86.8 (6.1) 83.9 (6.7) 82.0 (6.4) 89.4 (7.1) 
T6h 77.9 (6.5) 84.9 (6.1) 82.7 (5.9) 81.1 (5.8) 89.2 (7.4) 
T12h 77.4 (6.5) 83.4 (6.0) 82.0 (4.0) 78.3 (5.6) 85.1 (8.4) 
T24h 66.0 (5.0) 76.9 (6.1) 77.4 (4.2) 76.1 (5.0) 81.8 (9.7) 
n=10 per group unless otherwise stated 
*n=9 per group 
Table 6: OR Latex Elastic Mean Force in grams (SD) 
 
 
   Group 
Time Point *ORGL *OROL ORPpL ORPL ORSL 
T1min 100% 100% 100% 100% 100% 
T5min 81% 82% 84% 84% 82% 
T30min 75% 77% 80% 79% 77% 
T1h 73% 75% 79% 78% 75% 
T3h 71% 74% 78% 76% 73% 
T6h 68% 73% 77% 75% 73% 
T12h 67% 71% 76% 72% 69% 
T24h 57% 66% 72% 70% 67% 
n=10 per group unless otherwise stated 
*n=9 per group 





Figure 20: OR Latex Elastic Decay Over Time 
 
3.2 Comparison of Colored Non-Latex Elastic Force Levels 
There were significant differences in force levels, between Non-
Latex elastic color groups, at all time points tested (p<.001) except T6h.  
There were also significant differences in force levels between time points 
within all the elastic groups (p<.001). The pairwise comparisons are 
described below. 
3.2.1 Auradonics Non-Latex  
Comparisons between groups at each time point showed that from 
time point, T1min through T1h, AUONL (128.8g) showed significantly 
higher force levels than AUSNL & AUPNL (p=.03 to p=.02) (Table 8). At 
T3h AUONL only displayed significant differences with AUPNL elastics 
(p=.049). No significant differences in force levels were observed between 
any AU Non-Latex elastics during time point T6h. During the T12h time 






























most of the elastic groups except AUSNL & AUPNL, AUGNL & 
AUONL/AUPpNL, AUONL & AUPpNL. These results are displayed in 
graph format in Appendix J. Post Hoc tests were not available for T24h 
due to elastic breakage. 
AU Non-Latex within group comparisons, for time point 
differences, showed that all time points had significantly differing force 
levels (p=.04 to p<.001) among all elastic groups. The vast majority of the 
differences showed p<.001. See Table 15 for elastic breakage 
comparisons. The greatest amount of force decay, for most groups, 
occurred between T1min-T5min with all groups showing around 14% of 
original force being lost. The one exception to this was for AUSNL losing 
18% force between T12h and T24h, however there was only one 
remaining elastic at the T24h time point. Forces continued to decline 
throughout the length of the experiment with percentage of force decay 
settling between 1% and 18% (Table 19 - Appendix O). At T24h the 
greatest total force loss occurred in the AUSNL group finishing with 43% 
of their original force levels. The least amount of total force loss was seen 
in AUGNL & AUPNL with 58% of original force remaining (Table 9). Force 
decay for all AU Non-Latex elastic groups is depicted in Figure 21. Each 













   Group 
Time Point AUGNL AUONL AUPpNL AUPNL AUSNL 
T1min 119.1 (13.1) 128.8 (9.3) 121.3 (9.6) 115.7 (9.8) 114.5 (4.9) 
T5min 102.9 (11.7) 111.6 (8.2) 103.9 (8.4) 99.5 (8.9) 98.9 (4.0) 
T30min 95.6 (11.1) 103.2 (7.8) 96.3 (7.9) 92.0 (8.4) 91.5 (3.7) 
T1h 92.2 (10.7) 99.6 (7.4) 92.6 (7.5) 88.2 (7.9) 88.2 (3.3) 
T3h 85.9 (9.6) 90.0 (6.3) 87.3 (6.6) 81.3 (7.2) 82.1 (2.6) 
T6h 80.8 (7.7) 81.8 (5.4) 83.4 (6.2) 76.8 (6.3) 77.6 (2.5) 
T12h 76.7 (6.5) 75.7 (4.4) 77.3 (6.1) 68.3 (3.1) 69.4 (2.2) 
*T24h *68.6 (8.9) *62.9 (N/A) *66.1 (2.9) *66.6 (0.8) *48.8 (N/A) 
n=10 per group unless otherwise stated 
*Reported values are for remaining elastics only, n<10 in all groups (see Table 15) 
Table 8: AU Non-Latex Elastic Mean Force in grams (SD) 
 
 
   Group 
Time Point AUGNL AUONL AUPpNL AUPNL AUSNL 
T1min 100% 100% 100% 100% 100% 
T5min 86% 87% 86% 86% 86% 
T30min 80% 80% 79% 79% 80% 
T1h 77% 77% 76% 76% 77% 
T3h 72% 70% 72% 70% 72% 
T6h 68% 64% 69% 66% 68% 
T12h 64% 59% 64% 59% 61% 
*T24h *58% *49% *54% *58% *43% 
n=10 per group unless otherwise stated 
*Reported values are for remaining elastics only, n<10 in all groups (see Table 15) 







* Reported values are for remaining elastics only 
Figure 21: AU Non-Latex Elastic Decay Over Time 
 
3.3 Comparison of Latex vs. Non-Latex Elastics 
3.3.1 Natural Latex vs. Natural Non-Latex 
Comparisons between groups showed that from the initial time 
point (T1min) through T1h, AOSNL (139.0g) exhibited significantly higher 
force values than all the other elastics (p=.02 to p<.001) (Table 10). From 
T3h to T12h AOSNL and AOSL showed similar force values. At T1h 
AUSNL force levels began to drop and were significantly lower than AUSL 
(p=.04). For the remainder of the testing period, T3h through T12h, 
AUSNL displayed significantly lower force levels than all the other 
elastics (p=.03 to p<.001) These results are displayed in graph format in 
Appendix L. Post Hoc tests were not performed for T24h as too few Non-
Latex elastics remained at this time point (Table 15). 
Within group time point results were previously presented for 






























occurred between T1min and T5min for most elastic groups with ORSL 
having the greatest loss at 18%. AUSNL also had 18% force loss between 
T12h and T24h, however there was only one elastic remaining at T24h 
(Table 20 - Appendix O). The greatest overall force loss was seen in both 
Non-Latex elastic groups with 43% of initial force remaining (Table 11). 
Force decay for all Latex and Non-Latex elastic groups are depicted in 
Figure 22. Each elastics individual force decay graphs can be found in 
Appendix D (AO), Appendix E (AU) & Appendix F (OR). 
   Group 
Time Point †AOSL AOSNL AUSL AUSNL ORSL 
T1min 120.2 (9.5) 139.0 (5.5) 124.1 (5.7) 114.5 (4.9) 122.7 (12.7) 
T5min 102.3 (8.3) 117.6 (4.6) 104.0 (5.0) 98.9 (4.0) 101.1 (10.7) 
T30min 96.7 (7.8) 108.9 (4.2) 98.3 (4.8) 91.5 (3.7) 94.4 (9.3) 
T1h 94.9 (7.4) 104.3 (3.9) 95.8 (4.9) 88.2 (3.3) 92.3 (8.3) 
T3h 92.5 (6.6) 96.0 (3.5) 92.1 (5.4) 82.1 (2.6) 89.4 (7.1) 
T6h 91.7 (6.9) 91.0 (3.7) 91.2 (5.2)  77.6 (2.5) 89.2 (7.4) 
T12h 88.8 (6.1) 82.5 (4.8) 88.9 (3.5) 69.4 (2.2) 85.1 (8.4) 
T24h 84.4 (5.3) *59.9 (8.2) 83.5 (4.6) *48.8 (N/A) 81.8 (9.7) 
n=10 per group unless otherwise stated 
†n=9 per group 
*Reported values are for remaining elastics only, n<10 in all groups (see Table 15) 
Table 10: Single Latex and Non-Latex Elastic Mean Force in grams (SD) 
   Group 
Time Point †AOSL AOSNL AUSL AUSNL ORSL 
T1min 100% 100% 100% 100% 100% 
T5min 85% 85% 84% 86% 82% 
T30min 80% 78% 79% 80% 77% 
T1h 79% 75% 77% 77% 75% 
T3h 77% 69% 74% 72% 73% 
T6h 76% 65% 73% 68% 73% 
T12h 74% 59% 72% 61% 69% 
T24h 70% *43% 67% *43% 67% 
n=10 per group unless otherwise stated 
†n=9 per group 









* Reported values for Non-Latex are for remaining elastics only 
Figure 22: Latex and Non-Latex Elastic Decay Over Time 
3.3.2 Auradonics Colored Latex vs Colored Non-Latex 
Between group comparisons of AU colored Latex and AU colored 
Non-Latex elastics showed that the AUONL (128.8g) elastics had 
significantly higher initial (T1min) force levels than all the AU Latex 
elastics except AUSL (p=.008 to p<.001) (Table 12). AUPpNL force values, 
at T1min, were also significantly higher than AUGL, AUPpL, AUOL (p=.02 
to p=.004). At T5min all the AU Non-Latex elastics showed force levels 
that were significantly higher than all the AU Latex elastics except AUSL 
& AUPL (p=.04 to p<.001). Only AUONL was significantly higher than 
AUPL at T5min (p=.001). This trend began to decrease, from T30min to 
T6h, as the AU Latex elastic force loses began to level out and the 
differences became non-significant. At T6h the only significant difference 































significantly higher in force levels. By T12h the continuous decline in AU 
Non-Latex force levels started to demonstrate a reversal of the previous 
relationship, in that the AU colored Non-Latex forces started to become 
significantly lower than the AU colored Latex elastics. AUSNL, AUONL & 
AUPNL were significantly lower in force values than AUSL (p=.03 to 
p<.001). These results are displayed in graph format in Appendix M. 
Between T12h and T24h enough of the Non-Latex elastics had broken 
(Table 15) that Post Hoc comparisons were not able to be obtained. Force 
decay for all Colored Latex and Colored Non-Latex elastic groups are 
depicted in Figure 23. Each elastics individual force decay graphs can be 
found in Appendix E (AU). 
   Group 

































































































































































*Reported values are for remaining elastics only, n<10 in all groups (see Table 15) 






* Reported values for Non-Latex are for remaining elastics only 
Figure 23: Colored Latex and Colored Non-Latex Elastic Decay Over Time 
 
3.4 Comparison of Single vs. Double Elastics 
3.4.1 Natural Color Single vs. Natural Color Double 
Comparisons between groups of single vs. double elastic bands 
showed that there were significant differences in force levels between all 
the single elastic groups and all the double elastic groups, regardless of 
material composition (p<.001) (Table 13). Force levels for all the double 
elastic groups were double those of their single elastic counterparts, and 
this pattern was maintained up until the final time point tested. The 
AODNL (279.8g) had significantly higher force levels, from T1min 
through T3h and again at T12h, than all the other double elastics 
(225.0g – 243.0g) (p<.001). Conversely AUDNL elastics had significantly 
lower force levels, at T1min, than AUDL and AODNL (p<.001). This trend 
continued through T1h for AUDNL. At T3h through T12h AUDNL 



































groups (p<.001). Both AODL and AUDL showed similar force values 
throughout the 24-hour testing period. These results are displayed in 
graph format in Appendix K. Post Hoc tests were not available for T24h 
due to elastic breakage (Table 15). 
Within group time point differences have been reported previously 
for all single elastic groups. Between most time points, for all double 
elastic groups, significant differences in force levels were observed 
(p=.008 to p<.001). The exceptions to this are AODL between time point 
T6h to T12h and AUDL between time point T3h and T6h. The greatest 
percentage of force loss between time points was observed to be between 
T12h and T24h for AODNL, but this was due to the fact that no doubled 
pairs of elastics survived in this group (Table 21-Appendix O). The most 
force loss was observed between T1min and T5min for all elastics (13-
16%). Forces continued to drop at a higher rate for the Non-Latex groups 
than for the Latex. Rates of force loss were similar between Single and 
Double elastic groups, from the same manufacturer and material type. 
All the Non-Latex elastic groups had the lowest remaining force levels 
with AUDNL being the highest at 51%. Latex groups ranged from 67-70% 
force remaining (Table 14). Force decay for all Single and Double elastic 
groups are depicted in Figure 24. Each elastics individual force decay 













Time Point †AOSL AODL AUSL AUDL AOSNL AODNL AUSNL AUDNL 
T1min 120.2 (9.5) 234.3 (10.0) 124.1 (5.7) 243.0 (8.8) 139.0 (5.5) 279.8 (7.9) 114.5 (4.9) 225.0 (9.3) 
T5min 102.3 (8.3) 199.2 (8.7) 104.0 (5.0) 193.8 (7.6) 117.6 (4.6) 236.2 (7.2) 98.9 (4.0) 194.8 (7.9) 
T30min 96.7 (7.8) 189.1 (8.2) 98.3 (4.8) 189.1 (7.3) 108.9 (4.2) 218.7 (6.7) 91.5 (3.7) 180.5 (7.5) 
T1h 94.9 (7.4) 185.6 (7.8) 95.8 (4.9) 183.0 (7.1) 104.3 (3.9) 210.3 (6.8) 88.2 (3.3) 174.0 (7.4) 
T3h 92.5 (6.6) 177.9 (7.6) 92.1 (5.4) 182.0 (6.3) 96.0 (3.5) 193.0 (6.6) 82.1 (2.6) 160.9 (7.5) 
T6h 91.7 (6.9) 174.5 (7.7) 91.2 (5.2)  176.0 (8.3) 91.0 (3.7) 179.1 (6.1) 77.6 (2.5) 150.7 (7.3) 
T12h 88.8 (6.1) 172.0 (8.6) 88.9 (3.5) 170.9 (7.8) 82.5 (4.8) 158.7 (6.2) 69.4 (2.2) 140.0 (6.7) 
T24h 84.4 (5.3) 162.5 (8.2) 83.5 (4.6) 170.6 (10.3) *59.9 (8.2) ††0.0 (N/A) *48.8 (N/A) ††115.5 (10.2) 
n=10 per group unless otherwise stated 
†n=9 per group 
*Reported values for Single Non-Latex are for remaining elastics only, n<10 in all groups (see Table 15) 
†† Reported values for Double Non-Latex are for remaining double pairs only, n<10 in all groups (see Table 15)  
Table 13: Single and Double Elastic Mean Force in grams (SD) 
 
 
   Group 
Time Point †AOSL AODL AUSL AUDL AOSNL AODNL AUSNL AUDNL 
T1min 100% 100% 100% 100% 100% 100% 100% 100% 
T5min 85% 85% 84% 84% 85% 84% 86% 87% 
T30min 80% 81% 79% 79% 78% 78% 80% 80% 
T1h 79% 79% 77% 78% 75% 75% 77% 77% 
T3h 77% 76% 74% 75% 69% 69% 72% 72% 
T6h 76% 74% 73% 75% 65% 64% 68% 67% 
T12h 74% 73% 72% 72% 59% 57% 61% 62% 
T24h 70% 69% 67% 70% *43% ††0% *43% ††51% 
n=10 per group unless otherwise stated 
†n=9 per group 
*Reported values for Single Non-Latex are for remaining elastics only, n<10 in all groups (see Table 15) 
†† Reported values for Double Non-Latex are for remaining double pairs only, n<10 in all groups (see Table 15)  






* Reported values for Single Non-Latex are for remaining elastics only 
† Reported values for Double Non-Latex are for remaining double pairs only  
 
Figure 24: Single and Double Elastic Decay Over Time 
 
3.5 Elastic Breakage 
Some elastic breakage was observed in all of the Non-Latex elastic 
groups between the T12h and T24h time points. The most notable elastic 
breakage occurred in both the AUSNL and AUONL, with only one 
surviving elastic remaining. There was no elastic breakage noted in any 
of the Latex elastic groups. Elastics which broke were recorded as having 
a force of 0g and were not included in any mean calculations. There were 
some of the double elastic groups which had only one of the doubled 
elastics break. These were also treated as a failure of the “double” elastic 
and were not used in calculations of means as surviving groups were of 
more interest clinically. Due to the large number of broken elastics at 
































group comparisons at this time point. A complete listing of percentages of 
surviving elastics is shown below as Table 15. 
   Group 
Time Point AOSNL AODNL AUSNL AUDNL AUGNL AUONL AUPpNL AUPNL 
T1min 100% (10) 100% (20) 100% (10) 100% (20) 100% (10) 100% (10) 100% (10) 100% (10) 
T5min 100% (10) 100% (20) 100% (10) 100% (20) 100% (10) 100% (10) 100% (10) 100% (10) 
T30min 100% (10) 100% (20) 100% (10) 100% (20) 100% (10) 100% (10) 100% (10) 100% (10) 
T1h 100% (10) 100% (20) 100% (10) 100% (20) 100% (10) 100% (10) 100% (10) 100% (10) 
T3h 100% (10) 100% (20) 100% (10) 100% (20) 100% (10) 100% (10) 100% (10) 100% (10) 
T6h 100% (10) 100% (20) 100% (10) 100% (20) 100% (10) 100% (10) 100% (10) 100% (10) 
T12h 100% (10) 100% (20) 100% (10) 100% (20) 100% (10) 100% (10) 100% (10) 100% (10) 
T24h 40% (4) 20% (4) 10% (1) 50% (10) 20% (2) 10% (1) 30% (3) 30% (3) 





Chapter 4  
4 Discussion 
There exist today several methods of providing force to move teeth. 
No one method is vastly superior to any other, and they all have their 
strengths and limitations. Many methods accomplish the same types of 
tooth movements and are chosen based on a practitioner’s knowledge, 
experience and comfort level. Intraoral orthodontic elastics have been in 
use for several decades and have become widely popular among 
orthodontists.17, 18 Their force levels have been shown to degrade over 
time and yet they are widely popular due to their relative low cost, 
biocompatibility, ease of insertion, and the variety of force levels and 
sizes available.22, 31, 33, 38, 39, 42, 47 
This study is unique in its design and purpose because it is the 
first to compare the effects of pigmentation on colored intraoral elastics 
between different manufactures and with different elastic compositions 
(Latex and Non-Latex). It is also the first to compare the effect that 
doubling elastics has on force degradation. 
4.1 Methodology 
The design of this study was meant to simulate oral conditions 
within an in vitro environment. This was done to eliminate compounding 
complications arising from differences in patients such as diets, mouth 
opening distances, pH levels, fluid temperatures, compliance with wear 
etc. These results are mainly to assess the basic physical properties of 
the intraoral elastics themselves. This was meant to be performed in a 
controlled environment, without confounding patient variables, using 
distilled water maintained at body temperature, while the elastics were 
kept at a set distance. Patient variability should be considered whenever 




have concluded that elastics force decay is increased when compared to 
those in a controlled in-vitro environment.36, 59 
 This study was designed to compare force delivery capabilities of 
various pigmented intraoral elastics, of two material types (Latex and 
Non-Latex), from three manufacturers. The effects of color pigmentation 
on the physical properties of intraoral elastics has not been fully studied 
in the past. Very few studies have looked at elastic color effects, with only 
one study looking at force delivery.40, 54, 55 All available colors, as 
supplied from the manufacturers, were used throughout testing. Non-
colored elastics were designated “Natural”. Colored elastics included 
Green, Orange, Purple, and Pink. Testing was additionally performed on 
Natural elastics in double configuration for two of the manufacturers, 
Auradonics and American Orthodontics. This resulted in 25 different 
groups of elastics. 
 Force values were recorded at a stretched distance of 19.1mm as 
this distance represents three times the internal diameter of a 1/4” 
elastic. This distance was used as manufacturer reported values are also 
indicated for three times lumen diameter, which made for a simple direct 
comparison. The testing apparatus was also designed to allow for force 
value readings at any time interval desired. For this study readings were 
taken at 5min time intervals. This smaller time interval has not been 
seen in other studies and evaluation for time of initial force decay was 
desired. Force readings for previous studies were recorded at 15min44, 49, 
30min22, 56, 59, 1h21, 31, 33, 34, 36, 38, 40, 42, 48, 51, 52, or longer30, 39, 45–47, 50, 58 
time intervals. 
Data for elastics were recorded at time points of 1min, 5min, 
30min, 1h, 3h, 6h, 12h, and 24h. Time point of 0min was not used as 
the force measuring device required multiple initial readings, for better 




measurement. The initial time point of 1min was chosen to allow time for 
these requirements. The data time points were selected in order to 
understand, and evaluate, the changes that occur, over time, as patients 
wear their elastics. It was felt that testing beyond 24 hours was not 
practical as patients rarely, if ever, wear elastics for that period of time. 
Time points of 3h & 6h were chosen as important possible end point 
when patients remove elastics and replace them after a meal. Time point 
12h was chosen as another possible end point to simulate extended 
evening and nighttime wear. Time points 5min and 30min were chosen to 
evaluate the dramatic initial decrease, and subsequent levelling off, in 
force levels reported by several other studies. 10, 21, 22, 30, 31, 33, 34, 36, 38, 39, 42, 
47, 50, 51, 56, 58, 59 
It has been shown that force decay rates, for elastics that undergo 
cyclic stretching, are higher than statically stretched elastics.22, 48, 49 This 
cyclic stretching better represents what is experienced in the oral 
environment. Elastics in this study were cyclically stretched throughout 
the entire 24-hour testing period. While this may represent intra-oral use 
throughout the day, generally elastics are not stretched as often at 
nighttime and force decay rates at nighttime may be lower than during 
the day.  
There is evidence to suggest that force delivery varies significantly 
between a wet environment and a dry environment.36, 47, 56 Since the oral 
environment is wet, the intraoral elastics were tested in a water bath to 
more approximate the oral environmental effect. These were kept 
submerged for the entire duration of the testing period. The water was 
kept at a temperature of 37°C to simulate body temperature. Distilled 
water was chosen as the immersion medium as it has been shown from 




relaxation rates, for elastic chain, between distilled water and artificial 
saliva.62–64 
4.2 Force Levels 
There were several previous studies that also evaluated force levels 
and force decay in AO Latex22, 32, 34, 35, 37, 38, 40, 45, 52, 57, 58 or OR Latex30, 33, 
42, 48, 57 elastics. There were no studies found that evaluated AU Latex 
elastic force characteristics, which may be due to both American 
Orthodontics and Ormco being more established and well-known 
companies, with a broader range of products than Auradonics. There 
were also a few previous studies that evaluated the same size and force 
level of elastics as this study did. It is difficult to make comparisons 
between different size, force levels and stretch extensions. Percentage 
force loss was evaluated when these differences were noted.  
This study showed mean initial, T1min, force levels for AO elastics 
to be 120.2g. Other studies have shown that 1/4” – 4.5oz AO Latex 
elastics stretched to 3x lumen diameter show initial force levels to be 
(122.2g-122.8g) and therefore this study is consistent with these 
findings.32, 57 Force levels were noted to be higher in this study from 
30min (96.7g) to 24 hours (84.4g) than in the study done by Kersey et al 
(81.5g – 74.6g).32 This could be due to changes in material composition 
and manufacturing tolerances over the past eighteen years, as the 
previous study was completed in 2002. There were a few other studies 
which evaluated the same size and force level of AO Latex elastics as this 
study, but their force extension distance was 30mm instead of 19.10mm, 
as seen in this study. This greater distance shows much higher force 
levels. The force loss percentage from T1min to T1h was 22% in this 
study which was similar to what Fernandes et al. (18.5%) found.34 The 
remaining force loss percentages were also similar between these two 




elastics, but elastic size & force level were not comparable, and a direct 
comparison was difficult to obtain. 
Initial, T1min, mean force levels for OR Latex 1/4” – 4.5oz elastics 
were found to be 122.7g. This was a similar force value to what Mansour 
found (116.0g) with the same size, force level, and stretch distance of OR 
Latex elastics.57 They tested different force levels for different stretch 
extensions and therefore the remaining time points were not able to be 
compared. There were several other studies that evaluated OR Latex 
elastics but the size, force level, or stretch extensions were not 
comparable.  
In terms of the manufacturers evaluated in this study it was found 
that the AU Latex elastics showed the highest initial mean force levels 
(124.1g) and the AO Latex had the lowest initial mean force levels 
(120.2g). AO Latex elastics show the least amount of overall force loss 
(30%) over 24 hours. The AU Latex and OR Latex elastics were similar in 
overall force loss at the end of 24 hours (33%). These differences are 
quite small, and no manufacturers elastic performance appears to be 
superior for Latex elastics. 
4.3 Initial Force Values 
Manufacturer reported force values for 1/4” - 4.5oz elastics are 
reported at 3x the lumen diameter of the elastics. This would yield a 
force value of 127.5g when stretched to 19.10mm. Initial force levels 
appear to be manufacturer specific. All Latex elastics, from all 
manufacturers appeared to have initial mean force levels similar to, or 
slightly below, the manufacturer reported force values (120.2 – 124.1g). 
These findings are consistent with previous studies for Latex elastics.22, 
57 The AO Non-Latex were well above (139g) manufacturer reported 




manufacturer specificity appears in previous studies as well.22, 31, 39, 50, 52 
The lowest initial mean force values were obtained from the AUPpL 
elastics (97.9g). There are no other studies to compare this to as purple 
elastics have not previously been compared. 
Initial mean force levels for all elastics, except the double elastics, 
delivered much lower levels than what is suggested as the optimum force 
to use for interarch mechanics (250g – 318g per side).1, 14, 15 This is an 
interesting finding considering that elastic force levels tend to decay over 
time and this would suggest that force levels may need to be higher, 
initially, to account for this loss.  
4.4 Force Decay Over Time 
When excluding the T24h time point, the force decay for all Latex 
and Non-Latex elastics had the greatest percentage loss in the first 5min 
of testing. Forces for all elastics tended to decrease at each time point. 
The rate of force decay for all Non-Latex elastics was higher than all the 
Latex elastics. This difference in rate of decay is similar to what is seen in 
other studies.21, 22, 31, 33, 38, 39 All the manufacturers Latex elastic force 
loss seemed to level after the T5min time point, although their force 
levels did continue to drop gradually. In other studies, this dramatic drop 
in initial force was only noted within the first 30min – 1h.22, 30, 31, 33, 34 
This study was unique in that the data collection method permitted the 
evaluation of smaller time intervals, thus showing the large initial force 
decay occurring earlier than previously expected.  
Percentage of force remaining for this study showed that AO Latex 
elastics retained 80% of original force levels at T30min with force levels 
diminishing to 74% remaining by T12h. Comparing percentage of force 
loss in this study, with studies that evaluated similar testing conditions, 




study showed force remaining percentage values of 81.5% at 30min 
which dropped to 75.5% by 12h. Forces were within 1.5% of each other 
between both studies. Remaining force level percentages for the AO Non-
Latex elastics at T30min (78%) and T12h (59%), were similar to those 
found by Kersey at 30min (77.8%) and 12h (60.5%). Percentages 
remaining were within 1% for both studies.22  
4.5 Effect of Color 
For the Latex elastic groups, the green colored elastics tended to be 
at the lower end of the recorded force values for all three brands of 
elastics. For the AOGL, compared to AOSL, the significance became 
apparent starting at T30min and continued to T24h. For ORGL, 
compared to ORSL, this significance was only noted from T6h to T24h. 
Both AUGL and AUOL showed significantly lower force values than AUSL 
for the entire time period. The green Latex elastics, generally, also 
showed the least total percentage of force remaining with AOGL at 60%, 
ORGL at 57%, and AUGL at 66%. These findings are similar to what was 
reported by Ardani et al. for colored AO Latex elastics.40 
The Non-Latex group showed a different force trend for 
pigmentation. The lowest delivered elastic force was seen from both the 
AUSNL and the AUPNL groups with significant differences observed with 
the AUONL at most time points. Both AUSNL & AUPNL forces had 
dropped significantly and showed lower force levels than all remaining 
AU colored Non-Latex elastics by T12h. The AUSNL elastics also showed 
the least percentage force remaining by T24h (43%). 
For both AO and AU colored Latex elastics, the pink colored 
elastics exhibited higher forces than the rest of the colored latex elastics 
at all time points. This is also consistent to what is found in the study by 




values than the Natural Latex elastics. This difference was especially 
evident in the AU Latex elastics. These observations are consistent with 
previous findings by Ardani et al. for AO Latex elastics.40 
At the T24h time points the AUGNL elastics showed the highest 
remaining force levels than all the other AU Colored Non-Latex elastics. 
Remaining force percentages were quite similar between the AU Non-
Latex colored elastics (49-58%). It should be noted that all the Non-Latex 
elastic groups experienced failure, or elastic breakage, between T12h and 
T24h. For each of the AU Non-Latex groups, at minimum, 7 out of 10 
elastics broke between the T12h and T24h time points. There were no 
studies found which reported on colored Non-Latex elastic forces. 
The differences seen in this study, in regard to colors, suggest that 
different pigmentation may decrease force levels in Latex elastics, and 
may increase force levels in Non-Latex elastics. The results for Latex 
elastics are consistent with results from a previous study which reported 
force values for colored AO Latex elastics.40 The differences in the 
behavior of different colors, and their effect on force levels, may help 
influence the orthodontist choice, whether or not to provide colored 
elastics as an option for patients. 
4.6 Effect of Material Type 
From this study it appears that Latex and Non-Latex elastics 
behave similarly, with regards to force degradation, but have some clear 
distinctions. All Non-Latex elastics appear to undergo a quicker rate of 
force decay, higher overall force loss and a larger percentage loss than 
the Latex elastics. This finding is consistent with most other studies.21, 22, 
31, 33, 38, 39 Manufacturer differences are apparent between Latex and Non-
Latex elastic force delivery. Some manufacturers Non-Latex elastics 




in this study. Others, such as Auradonics, show an opposite 
relationship. This difference was observed at all time points for the AU 
Non-Latex elastics and was present up until the T6h time point for AO 
Non-Latex. At T12h the AO Non-Latex elastic forces were only 6g below 
the AO Latex elastics. The Natural Non-Latex elastic groups (AO and AU) 
were separated by about 15-20g of force at each time point throughout 
the study. This manufacturer difference is important to note, when 
choosing elastics, as it indicates that not all elastics are equal, and this 
variation may exist among other manufacturers as well. In fact, previous 
research has shown this difference for manufacturers and elastic sizes 
between Latex and Non-Latex elastics.21, 31, 39, 47, 50  
Similar trends were also seen in the comparison of colored Latex 
and colored Non-Latex elastic groups. The colored Non-Latex groups 
showed a greater rate of force decay and an overall larger total amount of 
force loss. The colored Non-Latex elastics initial force levels (115.7 – 
128.8g) were higher than the colored Latex elastics (97.9 – 106.6g). Due 
to the higher rate of force decay, most of the AU colored Non-Latex elastic 
forces dropped to similar levels as the AU colored Latex elastics by the 
T3h time point. This study only evaluated colored Non-Latex elastics 
from one manufacturer. These results may differ with other 
manufacturers colored Latex and Non-Latex elastics. 
4.7 Effect of Doubling Elastics 
Elastic doubling or asking the patient to insert two elastics in the 
same area, is a common practice, among orthodontists, to increase force 
levels. It has been suggested that elastics with larger reported force 
values may undergo a more rapid force decay.30, 36 One would assume 
that doubling the elastics would also double the initial force levels and 
therefore testing doubled elastics would help to indicate any unwanted 




Initial force levels for doubled elastics were shown to be double 
those of single elastics regardless of material type. Force values were 
observed to be double at all time points for both Latex and Non-Latex. 
Force values for double elastics were also shown to be manufacturer 
dependent with AODNL being higher, than all the other doubled elastics, 
and AUDNL being the lowest. Force values ranged from 234.3 – 243.0g 
for the Latex elastics and 225.0 – 279.8g for the Non-Latex. Force decay 
rates and percentage loss were nearly identical to those of the single 
elastic groups for both Latex and Non-Latex. Similarly, to the single Non-
Latex groups, the double Non-Latex elastic groups both showed 
significant elastic breakage between T12h and T24h with no breakage up 
to T12h. Force levels for both Latex and Non-Latex doubled elastics never 
degraded to the initial force levels of the single elastic groups, when 
excluding the T24h time point. Interestingly the doubled force values are 
much closer, than single elastic force values, to those suggested for 
interarch tooth movement (250-318g per side).1, 14, 15 
4.8 Elastic Breakage  
The Non-Latex elastic groups all suffered some elastic failure 
(breakage) between the T12h and the T24h time points (Table 15). No 
elastic breakage occurred prior to T12h. It was shown that most Non-
Latex elastics had broken by the end of the study. This influenced the 
T24h force data and results from this time point need to be cautiously 
interpreted. The AOSNL elastics showed a 60% failure rate by the end of 
the study. Kersey found a much lower rate of elastic failure with AO Non-
Latex elastics.37 In their study only 1 out of 12 elastics failed over the 24-
hour study period. As both studies cyclically stretched their elastics, the 
differences in elastic breakage may be explained by the differences in 
initial force levels. This study showed a much higher initial force level 




(116.1g). Rates of force decay have been shown to be higher for elastics 
with higher force levels.30, 36, 51 This could potentially lead to higher 
elastic failure rate over time. 
The greatest percentage of elastic breakage occurred for the AUSNL 
and the AUONL which both had 90% failure. There was no observable 
difference in elastic breakage between the colored and Natural elastics. 
The group with the greatest percentage of remaining elastics was the 
AUDNL, which had a 50% survival rate, however only two of the doubled 
pairs remained. Elastic breakage, in-vitro, appears to be more probable 
with Non-Latex elastics and with longer usage times. 
4.9 Clinical Significance   
Statistically significant differences were noted between Colored and 
Natural and between Latex and Non-Latex elastics. It is, however, 
questionable whether this difference would be considered clinically 
significant. The question of clinical significance and its relevance to 
orthodontic force levels is very difficult to answer. Orthodontic tooth 
movement has several compounding variables among individuals such as 
bone volume and density, individual biological variation and occlusal 
force variation. With elastics, stretch distance can also be widely variable 
due to differences in arch discrepancies and type of movements desired. 
This leaves us dealing with a wide range of force delivery for any given 
elastic size and force level. From our pilot study a value of 20g, or a 20% 
difference between groups, was set to be clinically significant. 
Given these set parameters, within the AO Latex, OR Latex and AU 
Non-Latex groups, there were no clinically significant force level 
differences observed between colors and natural colors. The AU Latex 
group did show clinical significance between AUSL and 3 of the colored 




and tapered out near the end of the study. T1min showed differences of 
24.7g (AUGL), 23.1g (AUOL) and 26.2g (AUPpL) and dropped to 21.5g 
(AUPpL) by T5min, and 20.3g (AUGL), 20.4g (AUOL) by T6h. No clinically 
significant differences were observed between the Latex and Non-Latex 
groups until the T24h time point. This is most likely due to elastic 
breakage and limited data remaining. There were also no clinically 
significant differences observed between any of the manufacturers Latex 
elastics. Clinical significance for doubled elastics definitely show a 
clinically significant difference, as the values are all double those of the 
single elastic groups, which is far above the set significance of 20g.  
Clinical significance may also be dictated by the type of tooth 
movement attempted. Movement of individual teeth require force levels 
much lower than inter-arch tooth movements.14 Clinical significance may 
be more noticeable when a smaller tooth, such as an incisor is being 
moved, which requires less force, than when an entire dental arch is 
being moved, if using the same elastics. For interarch tooth movement a 
difference of 20g of force within an elastic may produce no noticeable 
change in rate or ability to move the arch, due to the higher force 
requirements (250-318g), when compared to single tooth movements 
which may require as little as 10-20g.1 It may be suggested to double the 
elastics in order to achieve the appropriate force levels for interarch 
movement. This is of course dependent upon patient compliance and 
cooperation. 
4.10 Clinical Applications 
All Latex elastics demonstrated slower and more consistent force 
decay characteristics than the Non-Latex elastics. Within our sample all 
the Natural Latex elastics had higher force levels, as compared to colored 
Latex elastics, throughout the entire testing period. This was consistent 




the pigmented elastics, and additional incurred expenses, it would be 
suggested to limit your choices to the non-pigmented elastics.  
When considering Latex vs Non-Latex this study is in agreement 
with other studies. Force delivery between Latex and Non-Latex elastics 
is dependent on the manufacturer. If a Non-Latex elastic option is 
required, it would be recommended, from the present study, to use AO 
Non-Latex elastics as they showed higher initial forces which remained 
higher for sufficient wear time. Non-Latex elastics exhibit greater force 
decay rates, however, one must also consider the use of the elastics 
along with wear time.  
A patient generally will not wear intraoral elastics for a continuous 
24-hour period. Generally, elastics are worn, during the day, for a period 
of approximately 3-6 hours at a time, before removal for eating or oral 
hygiene. Following this the patient either re-inserts the same elastic or 
selects a new, unused one. In this study the AO Non-Latex elastics still 
maintained higher or equivalent force levels than the AO Latex elastics at 
the T3h and T6h time points. The AU Non-Latex elastics were 
significantly lower than the AU Latex elastics at both T3h and T6h. Force 
levels and force decay vary by manufacturer and to mitigate further force 
decay, it would be suggested that patients change their elastics regularly. 
This is especially important for the Non-Latex elastics as force levels may 
be lower than, or begin to drop below, those of the Latex elastics. The 
recommendation to change Non-Latex elastics several times throughout 
the day has been previously suggested.52, 56 This would also eliminate the 
negative observation of elastic breakage seen in the Non-Latex elastics.  
Another important finding is that the majority of the force decay 
seen in elastics occurs rather quickly after insertion. It is noted that half 
of the overall force loss occurs within the first 5 mins of the elastic being 




certain elastics, especially considering the variation of the elastic forces 
found within a patient’s elastic pouch. The clinician may choose to start 
with a higher than anticipated force level to account for the large initial 
drop in force seen. This suggestion was also given by several other 
authors, however, it was noted that the decision should be based on the 
specific clinical situation.38, 47, 65 
Many orthodontists have experienced tooth movement which does 
not behave as desired. As tooth movement and required force levels are 
highly variable it may be that teeth which are not responding to elastic 
forces require higher levels of force to produce the desired movements. In 
intra-arch tooth movement, avoidance of colored Latex elastics may be 
indicated as these have been shown to deliver lower force levels than 
Natural elastics in this study. Although colored elastics, in double 
configuration, were not evaluated in this study, some results may 
transfer from the double Natural elastics. It may be suggested that an 
alternative to not using colored elastics may be to instruct the patient to 
double up their colored elastics to increase the force values. Force values 
may need to be verified through studies of double-colored elastics. 
Doubled elastics show that force levels are about double those of 
single elastics. For 1/4” – 4.5oz elastics those force levels, initially, are 
similar to those required for full arch movements (250-318g). At T3h 
force levels are also in line with molar translational movement 
requirements (175-180g).14 Doubled elastics, therefore, may be indicated 
for inter-arch movements as well as molar translational movements. 
They should not be used for individual tooth movements on teeth with 
small roots or where light forces1 are required, such as intrusion, 




4.11 Limitations of this Study 
The biggest shortfall of this study is the fact that it is an in-vitro 
study. Experimental condition is not possible for all clinical scenarios 
and as such a controlled environment to allow for a direct comparison of 
physical properties is implemented. This may be somewhat different 
when placed into a clinical situation. There has been evidence to suggest 
that elastics display greater force decay characteristics when placed 
intraorally.36, 59 
No information was available as pertaining to mouth opening 
frequency and speed, and this led to choosing an elastic stretch 
frequency of 1 cycle per minute and cycle speed of 1s, which was similar 
to other studies.22, 48 These values were chosen as they were seen in 
previous studies and it was felt that consistency was warranted for 
comparison purposes. This frequency and speed cannot be verified as 
clinically accurate and therefore may deviate from a clinical scenario. 
Cyclic stretching was also performed during the entire 24 hours. As 
mouth opening is, generally, not performed during sleep hours this 
continual stretching may have influenced the decay rate, for both Latex 
and Non-Latex elastics. This may also have had an impact on the 
number of broken elastics seen in the Non-Latex elastics. 
Although good data exists as to maximum mouth opening and 
canine to molar distances, not all elastics are placed in those exact 
locations and therefore do not experience the same level of stretching 
distances as seen in this study. Due to the vast differences in elastic 
configuration and tooth distances not all results seen here may be 
applicable in all situations. Force decay rates are not equal among all 
sizes and force levels of elastics. It has previously been shown that 
smaller diameter elastics and elastics with higher force levels have larger 




results seen in this study, with respect to 1/4” – 4.5oz elastics would not 
be directly transferable to all other sizes and force levels. Similarities may 
be present for elastics that are close to these values. Further testing 
would need to be performed in order to obtain data for all available 
elastic options. 
Due to elastic breakage, in the Non-Latex elastics, the last time 
point of T24h was unable to be fully compared to all other time points. 
The low number of elastics remaining made it difficult to draw any 
realistic conclusions at this time point with respect to force decay, 
percentage force loss and remaining force values. 
Elastics were submersed in a water bath during the entire duration 
of the study. Due to a wide range of patient variability, this continual 
submersion may not accurately represent clinical conditions. Salivary 
flow differs among patients and a true representation is difficult to 
recreate. It has been noted that elastic force decay is greater when done 
in a wet compared to a dry environment. It may be possible that a hyper-
wet environment could stimulate even greater force decay.  
This study evaluated only three manufacturers elastic force 
properties. Differences in force levels and decay rates were definitely 
observed between the manufacturers. Manufacturer differences have 
been found in other studies as well.30, 33, 34, 37, 39, 56, 58 Considering these 
differences exist, it would be very difficult to directly transfer all the 
findings from this study to other manufacturers elastics. Some general 
trends with regards to force decay, and differences in material type were 





4.12 Strengths of this Study 
The principal strength of this study was the ability to eliminate 
clinical variability and study the elastic performance in a controlled 
environment. This allowed for a direct comparison by minimizing the 
influence of external variation that would be encountered intra-orally. 
Study design allowed for laboratory simulation of the oral environment. 
Previous studies have suggested that certain factors should be 
incorporated to make this simulation more applicable. Elastics were 
cyclically stretched, kept in a wet medium with a temperature of 37°C to 
re-create the mouth, and was done over a 24-hour period, to simulate 
longer elastic wear times.  
Although it would be impractical to perform tests on all elastic 
sizes, force levels and manufacturers, this study did evaluate one of the 
most commonly used sizes and force levels, from several manufacturers 
in clinical use. This was necessary to evaluate any differences seen 
between manufacturers. It is especially important when selecting elastics 
as it can give the orthodontist a general idea of elastic behavior and what 
might be expected during clinical use. 
Both Latex and Non-Latex colored elastics were evaluated in this 
study. Although there has been a previous study evaluating colored 
elastics, to our knowledge, a study of this scope on pigmented elastics 
has never been done before. As is sometimes recommended by the 
practitioner, doubling elastics and comparing their effects on force levels 
and force decay was also performed. Through an extensive search of the 
available literature, it was found that testing doubled elastics has also 
not been previously studied. 
The custom-built testing apparatus was also shown to be 




method of testing was the ability to record force readings at any time 
interval desired allowing for a more precise view of force levels, and their 
decay over time. This allowed for a better understanding of when the 
greatest amount of force decay occurred. The electronic capture of force 
readings also allowed for instant readings from all ten elastics 
simultaneously, which eliminated operator error and lengthy time of 
elastic removal and replacement during force measurements. The use of 
a stepper motor, for elastic stretching, also allowed for very precise 
distance measurements, with consistent accuracy. The use of a touch 
screen is an advantage for multiple elastic size and stretch distance 
testing as it does not require any modification to the machine and makes 
for easy and efficient elastic evaluation. Lastly having a continually 
monitored and adjustable water temperature was equally as important to 
ensure equal testing conditions throughout the study. 
4.13 Suggestions for Future Research 
Future research may shed some additional light on certain 
limitations from this study. Testing colored elastics in-vivo would be 
recommended in order to assess the differences found in this study, 
when applied to a patient. Rather than force comparisons, in-vivo studies 
assessing tooth movement capabilities of Latex, Non-Latex, Colored, or 
Double elastics would be a valuable clinical adjunct. Elastic force decay 
studies which simulate eating habits may involve removal and re-
insertion of elastic bands at various time intervals. Other variables to 
observe may be stopping cyclic stretching at a certain time interval and 
keeping elastics statically stretched to simulate nighttime wear. This may 
be especially useful for Non-Latex elastics and may influence the elastic 
breakage which occurs. Chemical analysis may be considered to 
determine if there are any factors which may influence force decay rates. 




Non-Latex elastics should be studied to determine manufacturer specific 
trends. Study of additional elastic sizes and force levels for both colored 
and Natural elastics would be useful to determine if the trends found in 
this study are also seen. Evaluating various elastic sizes and force levels 
over a range of extension distances may also help to determine a range of 
available force levels. This may help to reduce inventory with possible 
overlap in force ranges. The above suggestions may help influence the 





Chapter 5  
5 Conclusions  
The current study tested the effect of pigmentation on force levels and 
rate of force decay of intraoral elastics from three different 
manufacturers, in both Latex and Non-Latex forms, over a period of 24 
hours. The following conclusions were made. 
1. Elastic pigmentation can affect force levels and decay over time, 
but this is not consistent across manufacturers, elastic 
composition or color. 
2. Non-Latex elastics showed a greater force decay rate for all 
manufacturers, regardless of color. Initial force levels were 
sometimes higher and sometimes lower than Latex elastics, 
depending on the manufacturer. 
3. Doubling elastics showed force levels that were higher than single 
elastics and more consistent with interarch tooth movement 
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Appendix A: Raw Force (g) Data for AO 
   
T1min T5min T30min T1h T3h T6h T12h T24h 
AOGL LC-1 124.0 100.7 93.2 89.6 86.6 87.9 83.4 77.0  
LC-2 120.1 98.0 90.6 87.7 84.7 86.7 82.8 75.8  
LC-3 119.5 97.3 89.3 85.0 81.2 78.7 73.8 69.8  
LC-4 118.2 97.5 89.6 87.1 83.2 82.6 79.1 73.8  
LC-5 122.8 99.4 92.8 89.1 87.2 89.5 86.2 79.8  
LC-6 111.5 88.8 81.2 78.2 74.4 75.0 70.7 66.7  
LC-7 111.4 91.7 84.6 80.8 75.1 72.7 69.8 67.0  
LC-8 117.8 95.9 85.1 81.1 74.5 70.2 66.9 65.7  
LC-9 112.7 91.0 82.2 78.8 73.5 70.6 68.1 65.7  
LC-10 114.5 91.9 83.8 80.6 73.9 67.4 62.9 57.1 
AOOL LC-1 118.7 99.4 92.5 89.6 85.3 85.6 87.9 80.0  
LC-2 122.7 102.7 95.4 92.2 86.4 84.5 88.2 79.5  
LC-3 119.2 99.1 92.4 89.3 84.2 83.8 84.0 78.5  
LC-4 110.6 92.3 85.6 83.1 79.3 78.0 77.0 72.2  
LC-5 132.7 110.8 104.5 102.0 97.2 97.4 98.1 89.6  
LC-6 116.5 98.8 92.7 90.4 86.5 85.3 85.2 79.3  
LC-7 112.2 93.7 87.5 85.0 80.5 78.5 77.6 77.5  
LC-8 106.6 87.8 81.3 79.4 76.2 74.8 72.4 73.6  
LC-9 121.2 101.1 94.6 92.5 89.2 87.6 83.1 79.2  
LC-10 111.4 94.5 88.1 85.6 82.2 80.1 73.6 70.5 
AOPpL LC-1 122.5 104.4 98.2 95.8 91.1 89.3 88.8 82.2  
LC-2 117.2 99.5 93.7 90.9 86.3 83.9 84.0 75.2  
LC-3 121.3 103.6 97.8 95.7 91.5 90.7 91.6 80.6  
LC-4 123.9 106.3 100.1 98.3 94.1 92.7 91.7 83.0  
LC-5 123.7 105.4 99.4 97.0 92.8 91.3 91.6 86.5  
LC-6 106.6 89.4 83.1 82.2 78.8 76.9 76.9 71.0  
LC-7 110.9 93.8 90.3 86.3 84.4 81.7 81.1 74.3  
LC-8 114.5 97.3 89.9 87.1 83.4 79.5 79.2 71.7  
LC-9 120.3 102.1 95.0 91.6 87.6 83.7 82.2 73.6  
LC-10 99.1 84.4 78.5 75.5 72.3 69.0 67.8 61.7 
AOPL LC-1 128.1 110.1 104.2 102.6 100.3 98.7 97.8 90.5  
LC-2 119.6 102.0 96.9 95.5 93.1 90.9 89.6 82.7  





LC-4 124.5 105.5 99.5 98.1 96.1 94.3 92.0 87.5  
LC-5 114.0 95.4 90.8 89.9 88.7 87.4 86.4 83.4  
LC-6 112.7 95.3 90.0 88.4 87.3 83.1 83.4 79.1  
LC-8 113.5 95.8 89.9 87.8 84.7 82.3 83.5 80.5  
LC-9 106.2 89.0 84.3 82.3 81.5 79.4 80.0 73.8  
LC-10 127.3 106.1 100.6 98.6 95.9 93.9 92.3 84.6 
AOSL LC-1 116.0 98.8 93.1 91.5 90.8 91.0 88.1 83.7  
LC-2 112.3 94.9 89.7 88.1 86.0 84.7 84.6 80.5  
LC-3 110.4 93.2 88.5 87.3 85.3 82.9 82.0 78.6  
LC-4 114.1 99.2 93.5 91.6 89.5 88.3 84.9 81.5  
LC-5 115.3 96.8 91.4 89.6 88.0 88.1 85.2 81.5  
LC-6 127.3 108.3 102.2 100.5 97.4 96.9 92.8 87.9  
LC-8 138.2 118.3 111.1 108.8 104.7 103.6 100.9 95.1  
LC-9 130.6 110.7 105.4 102.8 99.4 99.2 94.6 89.3  
LC-10 117.8 100.1 95.7 93.9 91.4 90.6 86.2 81.9 
AODL LC-1 220.1 187.3 179.3 177.2 170.1 164.7 164.2 153.7  
LC-2 246.3 210.2 200.2 197.3 190.4 184.7 185.8 171.6  
LC-3 227.2 194.2 185.3 182.4 172.9 170.6 167.3 158.1  
LC-4 233.0 197.1 187.1 183.8 176.7 171.9 169.5 159.7  
LC-5 222.0 189.1 179.4 176.9 170.2 166.2 168.1 149.4  
LC-6 247.9 210.2 200.7 196.8 188.7 185.7 186.1 173.7  
LC-7 246.7 211.9 200.0 195.3 185.8 184.4 179.7 173.3  
LC-8 233.6 196.6 185.1 180.9 172.5 170.4 163.7 160.0  
LC-9 232.0 197.0 186.3 182.5 175.4 172.9 168.4 161.9  
LC-10 234.2 198.4 187.8 183.2 176.4 173.9 167.1 163.7 
AOSNL LC-1 147.9 125.5 115.4 110.6 100.1 95.6 88.7 0.0  
LC-2 136.4 116.0 106.7 102.3 92.4 87.9 82.2 61.2  
LC-3 145.3 122.9 113.7 109.4 99.6 95.5 85.5 48.3  
LC-4 132.9 113.0 104.1 99.8 90.5 85.8 78.6 0.0  
LC-5 142.7 120.8 111.4 106.4 97.8 92.6 89.6 0.0  
LC-6 142.8 120.2 110.8 106.7 99.7 94.6 86.4 62.5  
LC-7 137.0 115.4 110.0 103.1 97.7 92.4 80.3 67.5  
LC-8 131.1 111.0 102.2 98.5 92.2 86.9 76.8 0.0  
LC-9 138.4 116.4 107.8 103.6 96.0 90.4 80.3 0.0  
LC-10 135.3 114.8 106.5 102.4 94.4 88.2 76.4 0.0 
AODNL LC-1 282.9 239.9 222.4 214.6 196.8 182.5 162.0 71.2  
LC-2 278.2 235.6 218.3 210.2 193.4 179.4 160.5 74.6  
LC-3 274.9 231.8 215.7 207.7 190.1 176.2 155.9 62.7  





LC-5 287.2 242.5 225.2 217.4 199.8 186.2 165.6 0.0  
LC-6 272.1 229.7 212.2 204.5 186.9 173.6 153.9 0.0  
LC-7 275.5 231.8 214.8 205.1 189.4 173.1 151.6 60.3  
LC-8 278.5 234.4 215.7 206.8 188.9 176.6 155.3 0.0  
LC-9 277.0 232.9 215.2 206.6 189.3 176.8 156.8 0.0  






















Appendix B: Raw Force (g) Data for AU 
   
T1min T5min T30min T1h T3h T6h T12h T24h 
AUGL LC-1 103.0 83.7 78.0 76.1 76.3 76.8 77.1 72.5  
LC-2 112.9 90.3 84.4 82.1 79.6 80.0 81.8 74.6  
LC-3 106.5 86.1 80.0 78.4 77.8 77.4 76.4 71.4  
LC-4 109.7 89.5 84.0 81.8 79.9 79.7 78.9 74.3  
LC-5 110.1 88.0 81.5 78.3 77.0 80.4 80.0 70.8  
LC-6 89.0 71.3 67.0 64.8 63.0 66.7 65.2 57.5  
LC-7 92.7 74.6 70.8 69.2 65.7 66.6 63.2 60.9  
LC-8 89.1 71.3 66.4 64.6 60.9 59.0 56.9 58.2  
LC-9 96.2 78.1 72.9 70.4 66.9 65.6 65.1 62.7  
LC-10 84.7 67.3 63.3 62.1 58.8 56.4 56.0 56.5 
AUOL LC-1 118.9 96.9 91.2 89.5 83.4 85.0 82.6 72.6  
LC-2 111.9 92.2 87.3 85.5 81.3 81.5 83.7 70.8  
LC-3 115.1 95.0 88.9 87.2 82.1 81.4 80.7 74.0  
LC-4 95.1 73.5 69.0 67.7 64.1 64.2 65.0 58.4  
LC-5 122.2 99.8 94.7 92.8 87.6 88.1 91.2 79.8  
LC-6 86.9 70.3 66.4 65.2 61.9 63.0 66.1 59.7  
LC-7 87.8 72.8 73.7 69.5 66.8 64.6 69.5 62.9  
LC-8 94.5 75.6 70.3 68.8 64.9 61.8 65.7 61.4  
LC-9 88.5 72.4 67.7 66.6 64.0 61.4 65.5 61.2  
LC-10 89.4 70.3 66.1 64.7 61.6 56.8 57.3 55.7 
AUPpL LC-1 118.2 99.5 95.5 94.9 94.5 94.2 89.7 86.6  
LC-2 122.5 102.5 97.9 97.0 97.0 97.5 95.5 90.2  
LC-3 99.0 84.0 80.8 80.1 78.7 77.1 75.6 69.9  
LC-4 130.6 110.4 104.8 103.5 102.6 101.6 96.9 91.4  
LC-5 75.4 61.8 59.9 59.7 59.7 61.3 62.0 56.6  
LC-6 90.3 77.4 74.4 73.1 70.8 70.6 73.8 68.1  
LC-7 84.9 72.7 69.5 68.3 64.8 64.3 68.0 62.6  
LC-8 83.6 71.5 67.9 66.8 63.2 63.4 67.9 62.8  
LC-9 83.8 70.4 66.7 65.6 62.4 62.9 66.1 60.8  
LC-10 90.9 75.4 71.8 70.4 66.9 66.4 67.6 63.1 
AUPL LC-1 115.3 97.2 92.2 90.4 86.9 83.3 83.0 86.9  
LC-2 116.2 96.9 91.8 90.0 87.0 82.4 80.5 84.0  
LC-3 152.4 128.0 122.4 120.4 117.6 113.5 112.4 112.0  
LC-4 107.8 90.3 85.7 84.9 82.9 79.6 77.6 78.9  
LC-5 129.4 107.4 101.9 100.7 99.0 95.0 90.2 93.7  





LC-7 86.4 73.1 69.9 70.1 72.0 72.9 69.1 67.9  
LC-8 96.3 81.5 76.7 75.3 72.8 73.4 68.3 69.0  
LC-9 88.2 74.4 70.0 68.1 66.3 67.3 62.2 64.3  
LC-10 89.2 76.2 72.0 70.0 67.9 68.6 66.4 66.1 
AUSL LC-1 132.1 110.8 105.0 103.4 101.1 100.1 92.6 87.8  
LC-2 116.9 98.6 93.6 92.2 91.4 91.4 86.3 77.3  
LC-3 126.5 107.4 101.8 99.3 94.5 92.9 89.9 87.4  
LC-4 127.5 106.6 101.1 99.4 97.0 95.8 92.4 87.0  
LC-5 117.2 96.6 91.9 90.3 87.6 86.9 84.2 76.3  
LC-6 128.9 107.7 101.7 98.1 94.9 93.2 93.3 86.3  
LC-7 115.7 97.8 92.1 88.8 83.2 82.5 84.5 78.7  
LC-8 122.5 101.4 94.0 90.9 85.6 84.9 86.6 81.4  
LC-9 127.5 107.4 101.5 98.7 94.4 93.6 92.0 87.5  
LC-10 126.0 106.0 100.1 96.9 91.4 90.2 86.9 85.0 
AUDL LC-1 256.2 217.4 205.8 201.5 194.1 197.2 190.3 188.8  
LC-2 257.1 215.0 203.4 198.9 191.5 192.8 187.6 185.8  
LC-3 241.1 203.9 194.0 190.5 185.5 186.0 177.2 175.0  
LC-4 244.6 201.7 189.4 185.2 179.5 179.5 172.8 168.9  
LC-5 239.2 199.2 188.1 184.1 178.3 181.0 173.6 168.6  
LC-6 235.0 197.7 187.9 183.5 179.1 178.4 172.7 166.6  
LC-7 230.5 195.6 185.6 182.2 177.6 172.6 168.5 158.9  
LC-8 235.5 196.1 184.7 180.8 175.1 170.6 165.5 156.8  
LC-9 247.5 207.9 197.0 192.5 186.3 183.5 177.7 170.3  
LC-10 243.3 202.8 192.1 188.4 182.7 179.0 172.1 166.5 
AUSNL LC-1 121.1 103.5 95.4 91.0 82.2 75.1 66.5 0.0  
LC-2 117.4 101.5 93.5 89.6 81.5 74.9 66.8 0.0  
LC-3 111.8 96.8 89.4 86.0 78.9 74.4 66.4 0.0  
LC-4 120.7 103.8 95.9 92.5 85.9 79.7 70.1 0.0  
LC-5 116.6 99.5 92.3 88.9 83.7 78.8 70.3 0.0  
LC-6 114.3 99.0 91.8 89.1 84.7 81.3 72.1 0.0  
LC-7 108.1 94.3 87.2 84.7 81.2 79.3 70.7 0.0  
LC-8 106.1 91.1 84.1 81.5 77.4 75.7 68.7 0.0  
LC-9 115.8 101.0 93.9 90.2 83.8 80.1 72.6 0.0  
LC-10 113.1 98.8 91.9 88.0 81.3 76.5 69.5 48.8 
AUDNL LC-1 239.7 206.6 192.1 185.5 173.4 163.1 149.6 63.0  
LC-2 236.0 204.1 189.6 183.0 169.6 157.0 144.7 69.9  
LC-3 218.5 189.0 174.9 168.6 156.4 145.0 134.7 58.0  
LC-4 227.8 198.7 184.7 178.0 164.8 153.9 141.9 122.7  





LC-6 219.4 190.3 176.4 170.1 157.9 148.9 138.0 61.4  
LC-7 225.2 195.1 181.5 174.9 161.5 151.9 142.9 68.3  
LC-8 229.9 198.3 181.7 173.5 155.8 142.7 131.9 0.0  
LC-9 218.6 188.5 174.5 168.9 158.2 151.0 144.1 0.0  
LC-10 207.8 180.5 166.9 160.6 147.1 138.4 128.2 108.3 
AUGNL LC-1 105.5 92.0 84.8 81.7 76.6 74.7 73.9 0.0  
LC-2 115.5 100.0 92.5 89.2 83.5 79.3 78.0 0.0  
LC-3 106.1 90.2 83.9 81.1 76.3 72.6 69.1 0.0  
LC-4 111.2 95.4 88.1 85.2 79.9 77.0 74.5 62.3  
LC-5 111.9 96.5 89.1 85.8 79.5 75.5 75.2 0.0  
LC-6 132.9 115.9 108.6 104.4 97.1 89.0 83.5 0.0  
LC-7 143.3 124.5 115.9 112.2 103.5 94.7 85.5 74.9  
LC-8 133.6 115.1 106.5 102.7 95.7 90.0 86.1 0.0  
LC-9 120.0 104.2 97.0 93.3 86.4 80.7 74.2 0.0  
LC-10 110.7 95.5 89.4 86.3 80.1 74.2 67.4 0.0 
AUONL LC-1 142.8 124.6 115.5 111.1 100.7 91.3 81.1 0.0  
LC-2 128.9 111.4 103.2 99.4 90.4 79.9 70.8 0.0  
LC-3 128.6 111.3 103.4 100.1 90.6 81.9 76.7 0.0  
LC-4 113.7 97.4 90.4 87.7 81.6 75.9 71.8 62.9  
LC-5 134.5 116.3 107.2 103.1 93.6 86.0 77.9 0.0  
LC-6 115.1 101.4 92.3 89.2 80.4 74.3 69.4 0.0  
LC-7 139.5 121.8 113.1 109.0 97.6 88.7 82.9 0.0  
LC-8 131.4 112.2 102.8 99.0 87.7 80.7 76.2 0.0  
LC-9 127.5 110.9 102.8 99.3 89.4 80.5 76.8 0.0  
LC-10 125.7 109.0 101.2 97.6 87.7 79.0 73.7 0.0 
AUPpNL LC-1 124.2 107.2 99.8 95.6 91.2 87.7 81.6 0.0  
LC-2 120.4 103.0 95.7 92.6 88.0 84.9 79.9 0.0  
LC-3 117.3 100.6 94.3 91.2 87.0 83.5 78.5 69.4  
LC-4 130.7 112.3 104.3 100.6 94.6 89.0 82.1 0.0  
LC-5 114.9 96.9 90.0 87.4 85.2 84.3 78.8 64.7  
LC-6 105.6 89.7 83.2 79.6 77.3 75.9 69.4 0.0  
LC-7 136.0 115.6 107.4 102.4 96.5 91.8 84.1 0.0  
LC-8 110.8 95.5 86.8 83.1 77.3 72.4 66.6 0.0  
LC-9 131.4 113.3 103.9 99.8 92.0 86.6 81.2 0.0  
LC-10 121.8 105.2 97.3 93.3 83.8 77.6 70.8 64.2 
AUPNL LC-1 108.2 91.2 84.7 81.5 76.0 72.5 71.5 66.8  
LC-2 110.8 96.2 88.7 84.7 77.3 72.1 66.4 0.0  
LC-3 112.4 95.5 88.1 84.7 78.8 75.5 65.9 0.0  





LC-5 96.5 83.3 76.8 73.8 68.1 65.4 63.9 65.7  
LC-6 117.6 101.1 93.4 89.5 81.6 76.7 65.6 0.0  
LC-7 132.4 114.7 106.9 102.1 94.2 88.1 71.9 0.0  
LC-8 117.4 100.7 91.9 87.9 80.7 76.6 65.7 0.0  
LC-9 121.7 105.7 97.3 93.4 85.7 80.5 69.7 0.0  





















Appendix C:  Raw Force (g) Data for OR 
   
T1min T5min T30min T1h T3h T6h T12h T24h 
ORGL LC-1 122.6 98.8 92.9 91.0 86.9 83.9 83.6 67.5  
LC-2 118.2 95.6 89.4 87.2 83.4 80.7 81.3 67.1  
LC-3 122.4 99.0 93.1 90.9 85.6 82.4 80.3 72.4  
LC-4 126.1 101.6 95.4 93.2 88.0 85.5 84.1 73.9  
LC-5 113.7 92.1 86.0 84.0 80.3 76.9 78.9 63.4  
LC-6 109.8 87.9 82.0 80.5 78.3 74.7 77.1 63.7  
LC-7 112.5 91.4 85.6 83.7 81.2 79.4 76.7 67.0  
LC-8 102.6 81.8 74.2 71.9 69.8 64.9 63.6 60.2  
LC-9 108.1 87.3 80.6 78.8 76.9 72.3 71.1 59.2 
OROL LC-1 124.0 101.3 95.2 93.6 91.6 89.9 88.4 83.7  
LC-2 113.6 93.5 87.2 85.6 84.3 83.4 81.1 76.4  
LC-3 127.5 104.5 97.8 96.0 94.9 91.8 89.1 82.4  
LC-4 111.9 92.1 86.0 84.3 82.0 79.9 78.3 75.0  
LC-5 128.2 105.2 99.3 97.0 94.7 91.9 89.8 83.3  
LC-6 107.7 87.6 82.9 81.6 81.4 79.7 78.3 71.4  
LC-7 115.6 95.1 88.8 87.3 86.6 86.4 86.7 76.7  
LC-8 105.5 85.9 80.1 79.0 77.6 74.2 72.8 65.0  
LC-9 114.8 94.3 88.9 87.8 88.2 87.2 86.3 77.8 
ORPpL LC-1 113.1 95.7 91.9 91.7 92.9 91.7 88.6 84.9  
LC-2 106.0 89.6 85.3 84.2 84.6 83.0 81.5 79.2  
LC-3 110.1 93.0 89.2 88.1 87.1 83.4 81.3 77.0  
LC-4 113.3 96.0 91.2 90.0 89.7 87.9 84.0 79.5  
LC-5 111.3 93.2 89.0 88.8 90.3 88.9 85.8 81.0  
LC-6 110.8 93.5 89.0 87.6 86.5 83.7 82.6 78.2  
LC-7 101.7 85.9 80.6 78.2 74.6 75.3 77.2 71.4  
LC-8 103.2 87.4 81.6 79.3 76.0 75.1 77.7 73.1  
LC-9 110.2 92.2 86.4 84.5 82.1 82.9 84.8 77.3  
LC-10 101.7 86.1 81.2 78.9 74.8 75.5 76.3 72.0 
ORPL LC-1 126.4 103.7 99.0 98.1 96.5 94.9 91.9 88.0  
LC-2 106.9 90.4 85.8 85.0 82.9 81.2 77.7 73.9  
LC-3 113.4 95.5 91.7 90.4 87.7 84.9 81.9 79.9  
LC-4 104.3 87.9 83.5 82.6 80.4 79.3 75.6 73.3  
LC-5 108.9 91.0 86.8 86.2 84.4 82.7 80.6 78.4  
LC-6 105.6 88.3 83.7 83.3 80.8 79.4 76.5 75.4  
LC-7 107.6 90.1 85.3 82.0 79.1 80.5 77.8 76.3  





LC-9 102.8 85.9 80.7 78.5 76.4 76.5 74.3 71.9  
LC-10 103.9 87.1 81.7 79.5 77.3 76.7 74.3 70.8 
ORSL LC-1 118.4 96.5 91.1 89.9 88.3 86.2 79.3 74.7  
LC-2 109.2 89.7 84.8 83.7 83.4 82.9 77.8 71.7  
LC-3 118.8 98.7 93.7 92.5 89.9 89.0 83.3 82.9  
LC-4 110.5 90.4 85.0 83.8 82.1 81.4 76.7 73.7  
LC-5 106.2 87.8 82.2 80.9 79.3 80.1 75.5 68.3  
LC-6 125.8 102.2 94.2 91.8 89.4 90.1 85.5 81.8  
LC-7 139.3 114.8 106.2 102.4 98.4 100.0 96.9 92.6  
LC-8 137.3 112.0 102.7 99.7 94.9 95.1 91.7 88.4  
LC-9 140.3 117.6 109.3 106.0 101.5 101.1 99.3 98.1  






























































































































































































































































































































































































































































































































































































































































































































Appendix G:  Mean Force Plots at Each Time Point for AO Latex Elastic Groups 
 
 






Different letters signify statistically significant differences between groups (p<.05). Error Bars represent SD. 





















AO Latex Elastic Groups






















AO Latex Elastic Groups
Time Point: T5min 
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AO Latex Elastic Groups
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Appendix H:  Mean Force Plots at Each Time Point for AU Latex Elastic Groups 
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AU Latex Elastic Groups
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Appendix I:  Mean Force Plots at Each Time Point for OR Latex Elastic Groups 
 
 
































OR Latex Elastic Groups

























OR Latex Elastic Groups






































OR Latex Elastic Groups
Time Point: T30min 





















OR Latex Elastic Groups





































OR Latex Elastic Groups
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Appendix J:  Mean Force Plots at Each Time Point for AU Non-Latex Elastic Groups 
 
 
































AU Non-Latex Elastic Groups


























AU Non-Latex Elastic Groups








































AU Non-Latex Elastic Groups

























AU Non-Latex Elastic Groups






































AU Non-Latex Elastic Groups






















AU Non-Latex Elastic Groups













Statistically significant differences not available. Error Bars represent SD. 
*  Averages based on values from remaining elastics 






















AU Non-Latex Elastic Groups
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Appendix K:  Mean Force Plots at Each Time Point for Double vs. Single Elastics Groups 
 
 


































Double vs Single Elastic Groups



























Double vs Single Elastic Groups









































Double vs Single Elastic Groups




























Double vs Single Elastic Groups








































Double vs Single Elastic Groups



























Double vs Single Elastic Groups













Statistically significant differences not available. Error Bars represent SD. 
*  Averages based on values from remaining elastics 



























Double vs Single Elastic Groups
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Appendix L:  Mean Force Plots at Each Time Point for Latex vs. Non-Latex Elastic Groups 
 
 
































Latex vs Non-Latex Elastic Groups

























Latex vs Non-Latex Elastic Groups






































Latex vs Non-Latex Elastic Groups



























Latex vs Non-Latex Elastic Groups






































Latex vs Non-Latex Elastic Groups























Latex vs Non-Latex Elastic Groups













Statistically significant differences not available. Error Bars represent SD. 
*  Averages based on values from remaining elastics 
























Latex vs Non-Latex Elastic Groups
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Appendix M:  Mean Force Plots for Colored Latex and Non-Latex Elastic Groups 
 
 













































Colored AU Latex and AU Non-Latex Elastic Groups

































Colored AU Latex and AU Non-Latex Elastic Groups



















































Colored AU Latex and AU Non-Latex Elastic Groups









































Colored AU Latex and AU Non-Latex Elastic Groups

















































Colored AU Latex and AU Non-Latex Elastic Groups

































Colored AU Latex and AU Non-Latex Elastic Groups













Statistically significant differences not available. Error Bars represent SD. 
*  Averages based on values from remaining elastics 





























Colored AU Latex and AU Non-Latex Elastic Groups




















Colored AU Latex and AU Non-Latex Elastic Groups





















































































































Appendix O:  Force Loss Percentages 
   
 Group 
Time Point AOGL AOOL AOPpL *AOPL *AOSL 
T1min 0% 0% 0% 0% 0% 
T5min 19% 16% 15% 15% 15% 
T30min 7% 6% 5% 4% 5% 
T1h 3% 2% 2% 1% 2% 
T3h 4% 4% 3% 2% 2% 
T6h 1% 1% 2% 2% 1% 
T12h 3% 1% 0% 1% 2% 
T24h 4% 4% 6% 5% 4% 
 n=10 per group unless otherwise stated 
*n=9 per group 
Table 16: AO Latex Force Loss Percentage 




Time Point AUGL AUOL AUPpL AUPL AUSL 
T1min 0% 0% 0% 0% 0% 
T5min 19% 19% 16% 16% 16% 
T30min 5% 4% 4% 4% 5% 
T1h 2% 2% 1% 1% 2% 
T3h 2% 4% 2% 2% 3% 
T6h 0% 1% 0% 2% 1% 
T12h 1% -2% 0% 3% 2% 
T24h 4% 7% 5% -1% 4% 
n=10 per group unless otherwise stated 






   Group 
Time Point *ORGL *OROL ORPpL ORPL ORSL 
T1min 0% 0% 0% 0% 0% 
T5min 19% 18% 16% 16% 18% 
T30min 5% 5% 4% 4% 6% 
T1h 2% 1% 1% 1% 2% 
T3h 3% 1% 1% 2% 2% 
T6h 3% 2% 1% 1% 0% 
T12h 0% 2% 1% 3% 3% 
T24h 10% 5% 4% 2% 3% 
n=10 per group unless otherwise stated 
*n=9 per group 
Table 18: OR Latex Force Loss Percentage 




Time Point AUGNL AUONL AUPpNL AUPNL AUSNL 
T1min 0% 0% 0% 0% 0% 
T5min 14% 13% 14% 14% 14% 
T30min 6% 7% 6% 7% 6% 
T1h 3% 3% 3% 3% 3% 
T3h 5% 7% 4% 6% 5% 
T6h 4% 6% 3% 4% 4% 
T12h 3% 5% 5% 7% 7% 
*T24h *7% *10% *9% *1% *18% 
n=10 per group unless otherwise stated 
*Reported values are for remaining elastics only, n<10 in all groups (see Table 15) 








Time Point †AOSL AOSNL AUSL AUSNL ORSL 
T1min 0% 0% 0% 0% 0% 
T5min 15% 15% 16% 14% 18% 
T30min 5% 6% 5% 6% 6% 
T1h 2% 3% 2% 3% 2% 
T3h 2% 6% 3% 5% 2% 
T6h 1% 4% 1% 4% 0% 
T12h 2% 6% 2% 7% 3% 
T24h 4% *16% 4% *18% 3% 
n=10 per group unless otherwise stated 
†n=9 per group 
*Reported values are for remaining elastics only, n<10 in all groups (see Table 15) 




  Group 
Time Point †AOSL AODL AUSL AUDL AOSNL AODNL AUSNL AUDNL 
T1min 0% 0% 0% 0% 0% 0% 0% 0% 
T5min 15% 15% 16% 16% 15% 16% 14% 13% 
T30min 5% 4% 5% 4% 6% 6% 6% 6% 
T1h 2% 1% 2% 2% 3% 3% 3% 3% 
T3h 2% 3% 3% 2% 6% 6% 5% 6% 
T6h 1% 1% 1% 0% 4% 5% 4% 5% 
T12h 2% 1% 2% 3% 6% 7% 7% 5% 
T24h 4% 4% 4% 2% *16% ††57% *18% ††11% 
n=10 per group unless otherwise stated 
†n=9 per group 
*Reported values for Single Non-Latex are for remaining elastics only, n<10 in all groups (see Table 15) 
†† Reported values for Double Non-Latex are for remaining double pairs only, n<10 in all groups (see Table 15)  
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